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NOTE. 

The  following  pages  are  printed  f5pom  the  stereotype  plates 
of  the  Appendix  to  the  author  s  Manual  of  SpTierical  and 
Projctical  Astronomy,  without  any  change  in  the  numbering 
of  the  pages  or  of  the  tables.  The  text,  therefore,  com- 
mences with  p.  469  and  ends  with  p.  566 ;  and  the  tables 
are  numbered  ix.,  ix.  a.,  x.  and  x.  A.,  as  they  stand  in  the 
original  work. 

As  the  Method  of  Least  Squares  is  applicable  in  almost  all 
the  physical  sciences  where  numerical  results  are  to  be  de- 
duced f5pom  observations,  and  is  here  treated  from  funda- 
mental and  general  principles,  it  is  thought  that  this  separate 
publication  of  the  Appendix  will  supply  the  want  tnat  has 
for  a  long  time  been  felt  of  a  suitable  text^book  on  this  sub- 
ject for  the  use  of  students  of  practical  science  generally,  and 
more  especially  of  classes  in  our  scientific  schools. 

'^.  Louis,  January  1, 1868. 
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The  methods  of  investigation  adopted  in  this  work  are 
in  accordance  with  what  may  be  called  the  modem  school 
of  practical  astronomy,  or  more  distinctively  the  Ger- 
man school,  at  the  head  of  which  stands  the  unrivalled 
Bessel.  In  this  school,  the  investigations  both  of  the 
general  problems  of  Spherical  Astronomy  and  of  the  Theory 
of  Astronomical  Instruments  are  distinguished  by  the  gene- 
rality of  their  form  and  their  mathematical  rigor.  When 
approximative  methods  are  employed  for  convenience  in 
practice,  their  degree  of  accuracy  is  carefully  determined  by 
means  of  exact  formulsB  previously  investigated ;  the  latter 
being  developed  in  converging  series,  and  only  such  terms 
of  these  series  being  neglected  as  can  be  shown  to  be  insen- 
sible in  the  cases  to  which  the  formulaa  are  to  be  applied. 
And  it  is  an  essential  condition  of  all  the  methods  of  com- 
putation from  data  furnished  by  observation,  that  the  errors 
of  the  computation  shall  always  be  practically  insensible  in 
relation  to  the  errors  of  observation :  so  that  our  results 
shall  be  purely  the  legitimate  deductions  from  the  observa- 
tions, and  free  from  all  avoidable  error. 

It  is  another  characteristic  feature  of  modem  spherical 
astronomy,  that  the  final  formulaB  fiimished  to  the  practical 
computer  are  so  presented  as  seldom  to  require  accompany- 
ing verbal  precepts  to  distinguish  the  species  of  the  unknown 
angles  and  arcs ;  and  this  results,  in  a  great  measure,  from 
the  consideration  of  the  general  spherical  tria7igle,  or  that  in 
which  the  six  parts  of  the  triangle  are  not  subjected  to  the 
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condition  that  they  shall  each  be  less  than  180°,  but  may 
have  any  values  less  than  360°,  all  ambiguity  as  to  their 
species  being  removed  by  determining  them,  when  necessary, 
by  two  of  their  trigonometric  functions,  usually  the  sine  and 
the  cosine.  This  feature  is  mainly  due  to  Gauss,  and  was 
prominently  exhibited  in  his  Theoria  Motus  Corporum  Che- 
lestium,  published  in  1809.  The  English  and  American 
astronomers  have  been  slow  to  adopt  this  manifest  improve- 
ment; in  evidence  of  which  I  may  remark  that  the  general 
spherical  triangle  was  not  treated  of  in  any  work  in  the 
English  language,  so  far  as  I  know,  prior  to  the  publication 
of  my  Treatiae  an  Plane  and  Spherical  Trigonometry,  in  the 
year  1850.  In  the  present  work,  I  assume  the  reader  to  be 
acquainted  with  this  form  of  spherical  trigonometry,  and  to 
accept  its  fundamental  equations  in  their  utmost  generality. 

A  third  and  eminently  characteristic  feature  of  modem 
astronomy,  is  the  use  which  it  makes,  in  all  its  departments, 
of  the  method  of  least  squares,  namely,  that  method  of 
combining  observations  which  shall  give  the  moat  probable 
results,  or  which  shall  be  exposed  to  the  least  probable  errors. 
This  method  is  also  due  to  Gauss,  who  (though  anticipated 
in  the  publication  of  one  of  its  practical  rules  by  Legexdre) 
was  the  first  to  give  a  philosophical  exposition  of  its  princi- 
ples. The  direct  effect  of  this  improvement  is  not  only  that 
the  most  probable  result  in  each  cc^e  is  obtained,  but  also 
that  the  relative  degree  of  accuracy  of  that  result  is  deter- 
mined, and  thus  the  degree  of  confidence  with  which  it  may 
be  received  and  the  weight  which  it  may  be  allowed  to  have 
in  subsequent  discussions.  Judiciously  employed,  it  serves 
to  indicate  when  a  particular  process  has  reached  the  limit 
of  accuracy  which  it  can  afford,  thereby  saves  fruitless 
labor,  directs  inquiry  into  new  channels,  and  contributes 
gfreatly  to  accelerate  the  progress  of  the  science. 

Whilst  the  science  has  been  rapidly  advancing  in  Europe, 
we  have  in  this  country  not  been  idle.  Two  of  the  most 
unportant  improvements  in  practical   astronomy  have  had 
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their  origin  in  the  United  States, — the  method  of  finding 
differences  of  geographical  longitude  by  the  electric  telegraph, 
and  that  of  finding  the  geographical  latitude  by  the  zenith 
telescope.  These  are  the  direct  offspring  of  our  admirably 
conducted  Coast  Survey,  which,  with  the  aid  of  these 
methods,  both  of  the  greatest  simplicity,  has  fixed  the  lati- 
tudes and  relative  longitudes  of  a  series  of  points  on  our 
coast  with  a  degree  of  accuracy  wholly  unapproached  in  any 
previous  work  of  this  kind.  This  extreme  accuracy  will  be 
apparent  to  the  reader  who  will  refer  to  the  examples  here 
given,  which  have  been  selected  (almost  at  random)  froni 
the  records  of  the  Survey. 

It  is  perhaps  necessary  to  say  a  few  words  here  respect- 
ing those  portions  of  this  treatise  in  which  I  have  ventured 
to  substitute  my  own  methods  for  those  heretofore  employed. 
My  method  of  reducing  lunar  distances,  which  was  first 
published  in  the  American  Ephemeris  for  1855,  is  here  re- 
produced, together  with  the  necessary  tables  for  its  applica- 
tion. But  I  have  first,  for  the  sake  of  completeness,  given 
the  usual  rigorous  solution,  although  this  is  confessedly  too 
laborious  for  ordinary  use,  and  especially  for  use  at  sea.  The 
approximative  methods  heretofore  proposed  may  be  divided 
into  two  classes :  first,  those  based  upon  suflBciently  precise 
formulas,  but  such  that  the  tables  required  in  their  applica- 
tion are  adapted  only  to  a  mean  state  of  the  atmosphere ; 
and  second,  those  based  upon  incomplete  formulas.  As  to 
the  first  class,  the  trouble  of  correcting  the  tabular  numbers 
for  the  barometer  and  thermometer  would  render  the 
methods  as  laborious  as  the  rigorous  method,  and  it  is 
therefore  the  usual  practice,  at  sea,  to  disregard  these  correc- 
tions altogether,  thus  introducing  a  greater  error  than  would 
follow  from  the  use  of  the  more  incomplete  formulae  of  the 
second  class,  if  in  the  latter  these  corrections  were  taken 
into  account.  But,  as  to  the  methods  of  the  second  class  (of 
which  there  are  several  in  common  use),  it  will  be  found 
upon  examination  that  the  omitted  terms  of  the  formulas 
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are  not  so  small  as  to  be  insensible  even  in  relation  to  the 
rather  large  errors  of  observation  which  are  unavoidable  ip 
the  use  of  the  sextant.  The  defects  of  both  classes  are 
supposed  to  be  avoided  in  my  new  method ;  for,  first,  I  have 
deduced  a  rigorous  formula  from  which  is  derived  an  ap- 
proximate one,  practically  perfect,  representing  the  true  cor- 
rection of  the  lunar  distance  within  one  second  of  arc  in 
every  case  that  can  occur  in  practice ;  and,  second,  I  have 
arranged  this  formula  so  that  it  not  only  requires  extremely 
simple  tables  in  its  application,  but  also  the  tabular  numbers 
require  no  correction  for  the  barometer  and  thermometer^  the 
corrections  for  the  state  of  these  instruments  being  intro- 
duced in  a  simple  manner  in  forming  the  arguments  of  the 
tables.  In  applying  this  method  with  logarithms  of  only 
four  decimal  places,  the  true  distance  is  usually  obtained 
within  less  than  two  seconds  of  arc,  a  degree  of  accuracy  far 
greater  than  is  necessary  in  relation  to  our  present  means 
of  observing  the  distance.  It  is,  in  fact,  quite  as  accurate 
in  practice  as  Bessel's  theoretically  exact  method  when  the 
latter  is  also  carried  out  with  four-place  logarithms.  I 
think,  therefore,  that  I  may  justly  prefer  my  own  method 
not  only  to  the  imperfect  approximative  methods  above 
referred  to,  but  also  to  Bessel's  method,  which  requires  an 
extended  Ephemeris  wholly  different  from  that  now  in  use, 
and  is  withal  more  laborious. 

The  Gaussian  method  of  reducing  circummeridian  alti- 
tudes of  the  sun  by  referring  them  to  the  •  instant  of  the 
sun's  maximum  altitude,  is  in  this  work  rigorously  investi- 
gated, and  a  small  term,  overlooked  or  disregarded  by  Gauss, 
has  been  added  to  the  formula. 

A  new  and  brief  approximative  method  of  finding  the 
latitude  by .  two  altitudes  near  the  meridian  when  the 
time  is  not  known,  is  given  in  Vol.  I.  Arts.  195  and  204,  and 
another  by  three  altitudes  near  the  meridian,  in  Art.  205, 
which  will  probably  be  found  useful  as  nautical  methods. 

The  subject  of  Eclipses  will  be  found  treated  with  more 


PREFACE.  7 

than  usual  completeness.  The  fundamental  formulaB  adopted 
are  those  of  Bessel's  theory,  but  the  solutions  of  the  various 
problems  relating  to  the  prediction  of  solar  eclipses  for  the 
earth  generally  are  mostly  new.  The  rigorous  solutions  of 
these  problems  given  by  Bessel  in  his  Analyse  der  Finster^ 
716886  are  not  required  for  the  usual  purposes  of  prediction, 
however  interesting  they  may  be  as  specimens  of  refined 
and  elegant  analysis.  On  the  other  hand,  the  approximate 
solutions  commonly  given  appear  to  be  unnecessarily  rude. 
Those  that  I  have  substituted  will  be  found  to  be  very  little 
if  at  all  more  laborious  than  the  latter,  while  they  are  almost 
as  precise  as  the  former,  and  by  a  very  little  additional  labor 
(that  is,  by  repeating  only  some  parts  of  the  computation 
for  a  second  or  third  approximation)  may  be  rendered  quite 
exact. 

So  far  as  I  can  find,  no  one  has  heretofore  treated  distinct- 
ively of  the  occultations  of  planets  by  the  moon,  and  these 
phenomena  have  been  dismissed  as  simple  cases  of  the 
general  theory  of  eclipses,  in  which  both  the  occulting  and 
the  occulted  body  are  spherical.  But  in  almost  every  oc- 
cultation  of  one  of  the  principal  planets,  the  planet  will  be 
either  a  spheroidal  body  fully  or  partially  illuminated  by 
the  sun,  or  a  spherical  body  partially  illuminated :  so  that, 
in  the  general  case,  we  have  to  consider  the  disc  of  the  oc- 
culted body  as  bounded  by  an  ellipse  or  by  two  difierent 
semi-ellipses.  I  have  discussed  this  general  case  at  length, 
and  have  adapted  the  theory  to  each  planet  specially.  The 
additional  computations  required  to  take  into  account  the 
true  figure  of  the  planet's  disc  are  sufficiently  brief  and 
simple.  The  case  of  the  occultation  of  a  cusp  of  Venus  or 
Mercury  is  included  in  the  discussion,  and  also  the  occulta- 
tion of  Saturn's  rings. 

The  well  known  formula  for  predicting  the  transits  of  the 
inferior  planets  over  the  sun's  disc,  first  given  by  Lagrange, 
is  here  rendered  more  accurate  by  introducing  a  considera- 
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tion  of  the  compression  of  the  earth ;  and  a  new  and  simple 
demonstration  of  the  formula  is  given. 

In  the  practical  portions  of  the  work,  and  especially  in 
the  second  volume,  I  have  endeavored  to  give  every  import 
ant  precept  for  the  guidance  of  observers,  deduced  from  the 
labors  of  others  or  suggested  by  my  own  experience.  All 
the  principal  methods  are  illustrated  by  examples  from 
actual  observation. 

I  have  taken  especial  pains  throughout  the  work  to  ex- 
hibit the  mode  of  discussing  the  probable  errors  of  the  results 
obtained  by  observations,  and  have  given  numerous  examples 
of  the  application  of  the  method  of  least  squares.  This 
method  is  applicable  in  almost  all  the  physical  sciences 
where  numerical  results  are  to  be  deduced,  and,  therefore, 
does  not  necessarily  form  a  part  of  a  work  on  astronomy ; 
but,  as  I  could  not  refer  my  reader  to  any  work  in  the 
English  language  for  a  sufficient  account  of  the  method,  I 
have  prepared  a  concise  treatise  upon  it,  which  forms  the 
Appendix.  In  this,  I  have  confined  myself  chiefly  to  the 
parts  of  the  theory  required  in  practical  astronomy,  and  have 
endeavored  to  present  its  principles  in  a  simple  yet  rigorous 
manner  (so  far  as  the  subject  allows),  taking  as  a  basis 
known  theorems  of  the  calculus  of  probabilities,  and  follow- 
ing principally  the  processes  first  proposed  by  Gauss. 

In  this  Appendix  I  have  treated  of  Peirce's  Criterion  for 
the  rejection  of  doubtful  observations,  which  is  already  well 
known  to  American  astronomers,  and  is  now  constantly 
applied  in  the  discussion  of  observations  upon  our  Coast 
Survey.  Objections  have  been  made  to  the  criterion,  but 
none  that  would  not  apply  equally  well  to  the  method  of 
least  squares  itself.  To  those  who  have  not  been  able  to 
follow  Peirce's  investigation,  the  simple  approximate  cri- 
terion which  I  have  suggested  at  the  end  of  the  Appendix 
may  prove  acceptable.  It  is  derived  directly  from  the  fun- 
damental formula  of  the  method  of  least  squares,  and  leads 
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to  the  rejection  of  nearly  the  same  observations  as  that  of 
Peirce. 

The  plates  at  the  end  of  the  work  exhibit  in  minute 
detail  the  instruments  now  chiefly  employed  by  astronomers. 
To  have  given  more,  with  the  necessary  explanations,  would 
have  led  me  too  far  into  the  mere  history  of  the  subject,  and 
would  have  occupied  space  which  I  thought  it  preferable  to 
fill  with  discussions  relating  to  the  leading  instruments  now 
in  use.  The  scale  of  these  plates  is  purposely  made  quite 
small;  but  the  great  precision  with  which  they  are  executed 
will  enable  the  reader  to  measure  from  them  the  dimensions 
of  all  the  important  parts  of  each  of  the  principal  instru- 
ments. I  am  greatly  indebted  for  the  perfection  of  these 
drawings  to  the  engravers,  the  Messrs.  Illman  Brothers,  of 
Philadelphia. 

Such  auxiliary  tables  as  seemed  to  be  necessary  to  the 
reader  in  using  these  volumes  have  been  given  at  the  end 
of  Vol.  II.  Some  of  these  are  new.  Most  of  those  which 
have  been  derived  from  other  sources  have  been  either  re- 
computed or  tested  by  differences  and  corrected.  To  insure 
their  accuracy,  they  have  also  been  tested  by  differences 
after  being  in  type. 

For  the  very  complete  index  to  the  whole  work,  I  am 
indebted  to  my  friend.  Prof.  J.  D.  Crehore,  of  Washington 
University. 

In  conclusion,  I  desire  to  express  my  obligations  to  those 
citizens  of  Saint  Louis  who,  without  solicitation,  have  gene- 
rously assumed  a  share  of  the  risk  of  publication.  Theii 
liberal  spirit  has  been  met  by  a  corresponding  liberality  on 
the  part  of  my  publishers,  who  have  spared  no  expense  in 
the  typographical  execution.  I  shall  be  content  if  their 
expectations  are  not  wholly  disappointed,  and  the  work 
contributes  in  any  degree  to  the  advancement  of  the  noblest 
of  the  physical  sciences. 

Washington  Uniybrsity, 

Saint  Louis,  January  1,  1863. 
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SPHERICAL  ASTRONOMY. 


CHAPTER  I. 


ThE   CELESTIAL   SPHERE — ^SPHERICAL  AND  RECTANGULAR 
COORDINATES. 

1.  From  whatever  point  of  space  an  observer  be  supposed  to 
view  the  heavenly  bodies,  they  will  appear  to  him  as  if  situated 
upon  the  surface  of  a  sphere  of  which  his  eye  is  the  centre.  If, 
without  changing  his  position,  he  directs  his  eye  successively  to 
the  several  bodies,  he  may  learn  their  relative  directions,  but 
cannot  determine  either  their  distances  from  himself  or  from 
each  other. 

The  position  of  an  observer  on  the  surface  of  the  earth  is, 
however,  constantly  changing,  in  consequence,  Ist,  of  the  diur* 
nal  motion,  or  the  rotation  of  the  earth  on  its  axis ;  2d,  of  the 
annual  motion,  or  the  motion  of  the  earth  in  its  orbit  around 
the  sun. 

The  changes  produced  by  the  diurnal  motion,  in  the  appa- 
rent relative  positions  or  directions  of  the  heavenly  bodies,  are 
different  for  observers  on  different  parts  of  the  earth's  surface, 
and  can  be  subjected  to  computation  only  by  introducing  the 
elements  of  the  observer's  position,  such  as  his  latitude  and 
longitude. 

But  the  changes  resulting  from  the  annual  motion  of  the 
earth,  as  well  as  from  the  proper  motions  of  the  celestial  bodies 
themselves,  may  be  separately  considered,  and  the  directions 
of  all  the  known  celestial  bodies,  as  they  would  be  seen  from 
the  centre  of  the  earth  at  any  given  time,  may  be  computed 
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according  to  the  laws  which  have  been  found  to  govern  the 
motions  of  these  bodies,  from  data  furnished  by  long  series  of 
observations.  The  complete  investigation  of  these  changes  and 
their  laws  belongs  to  Physical  Astronomy^  and  requires  the  consi- 
deration of  the  distances  and  magnitudes  aa  well  as  of  ihe  direc- 
tions of  the  bodies  composing  the  system. 

Spherical  Astronomy  treats  specially  of  the  directions  of  the 
heavenly  bodies ;  and  in  this  branch,  therefore,  these  bodies  are 
at  any  given  instant  regarded  as  situated  upon  the  surface  of  a 
sphere  of  an  indefinite  radius  described  about  an  assumed 
centre.  It  embraces,  therefore,  not  only  the  problems  which  arise 
from  the  diurnal  motion,  but  also  such  as  arise  from  the  annual 
motion  so  far  as  this  aftects  the  apparent  positions  of  the  hea- 
venly bodies  upon  the  celestial  sphere,  or  their  directions  from 
the  assumed  centre. 


SPHERICAL   CO-ORDINATES. 

2.  The  direction  of  a  point  may  be  expressed  by  the  angles 
which  a  line  drawn  to  it  from  the  centre  of  the  sphere,  or  point 
of  observation,  makes  with  certain  fixed  lines  of  reference.  But, 
since  such  angles  are  directly  measured  by  arcs  on  the  surface 
of  the  sphere,  the  simplest  method  is  to  assign  the  position  in 
which  the  point  appears  when  projected  upon  the  surface  of  the 
sphere.  For  this  purpose,  a  great  circle  of  the  sphere,  supposed 
to  be  given  in  position,  is  assumed  as  a  primitive  circle  of  refer- 
ence, and  all  points  of  the  surface  are  referred  to  this  circle  by  a 
system  of  secondaries  or  great  circles  perpendicular  to  the  primi- 
tive and,  consequently,  passing  through  its  poles.  The  position 
of  a  point  on  the  surface  will  then  be  expressed  by  two  spherical 
co-ordinates:  namely,  1st,  the  distance  of  the  point  from  the  pri- 
mitive circle,  measured  on  a  secondary ;  2d,  the  distance  inter- 
cepted on  the  primitive  between  this  secondary  and  some  given 
point  of  the  primitive  assumed  as  the  origin  of  co-ordinates. 

We  shall  have  different  systems  of  co-ordinates,  according  to 
the  circle  adopted  as  a  primitive  circle  and  the  point  assumed  as 
the  origin. 

8.  Mrst  system  of  co-ordinates. — Altitude  and  azimuth. — In  this 
system,  the  primitive  circle  is  the  horizon,  which  is  that  great 
circle  of  the  sphere  whose  plane  touches  the  surface  of  the 
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earth  at  the  ohserver.*  The  plane  of  the  horizon  may  be  con- 
ceived as  that  which  sensibly  coincides  with  the  surface  of  a 
fluid  at  rest. 

The  vertical  line  is  a  straight  line  perpendicular  to  the  plane 
of  the  horizon  at  the  observer.  It  coincides  with  the  direction 
of  the  plumb  line,  or  the  simple  pendulum  at  rest.  The  two 
points  in  which  this  line,  infinitely  produced,  meets  the  sphere, 
are  the  zenith  and  warfir,  the  first  above,  the  second  below  the 
horizon. 

The  zenith  and  nadir  are  the  poles  of  the  horizon. 

Secondaries  to  the  horizon  are  vertical  circles.  They  all  pass 
through  the  zenith  and  nadir,  and  their  planes,  which  are  called 
vertical  planes^  intersect  in  the  vertical  line. 

Small  circles  parallel  to  the  horizon  are  called  almucantarSj  or 
parallels  of  aJUiiude. 

The  celestial  meridian  is  that  vertical  circle  whose  plane  passes 
through  the  axis  of  the  earth  and,  consequently,  coincides  with 
the  plane  of  the  terrestrial  meridian.  The  intersection  of  this 
plane  with  the  plane  of  the  horizon  is  the  meridian  Une,  and  the 
points  in  which  this  line  meets  the  sphere  are  the  north  and  south 
poinis  of  the  horizon,  being  respectively  north  and  south  of  the 
plane  of  the  equator. 

The  prime  vertical  is  the  vertical  circle  which  is  perpendicular 
to  the  meridian.  The  line  in  which  its  plane  intersects  the 
plane  of  the  horizon  is  the  east  and  west  lim^  and  the  points  in 
which  this  line  meets  the  sphere  are  the  east  and  west  points  of 
the  horizon. 

The  north  and  south  points  of  the  horizon  are  the  poles  of  the 
prime  vertical,  and  the  east  and  west  points  are  the  poles  of  the 
meridian. 


*  In  this  definition  of  the  horixon  we  consider  the  plane  tangent  to  the  earth's 
surface  as  sensibly  coinciding  with  a  parallel  plane  passed  through  the  centre  ;  that 
18,  we  consider  the  radius  of  the  celestial  sphere  to  be  infinite,  and  the  radius  of  the 
earth  to  be  relatiyely  zero.  In  general,  any  number  of  parallel  planes  at  finite  dis- 
tances mnst  be  regarded  as  marking  out  upon  the  infinite  sphere  the  same  great  circle. 
Indeed,  since  in  the  celestial  sphere  we  consider  only  direction,  abstracted  from  dis- 
tance, aU  lines  or  planes  having  the  same  direction — that  is,  all  parallel  lines  or 
planes — ^must  be  regarded  as  intersecting  the  surface  of  the  sphere  in  the  same 
point  or  the  same  great  circle.  The  point  of  the  surface  of  the  sphere  in  which  a 
number  of  parallel  lines  are  conceiTod  to  meet  is  called  the  vanishing  point  of  those 
lines ;  and,  in  like  manner,  the  great  circle  in  which  a  number  of  parallel  planes  are 
eoncelTed  to  meet  may  be  called  the  vanishing  circle  of  those  planes. 
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The  altitude  of  a  point  of  the  celestial  sphere  is  its  distance 
from  the  horizon  measured  on  a  vertical  circle,  and  its  azimuth  is 
the  arc  of  the  horizon  intercepted  between  this  vertical  circle 
and  any  point  of  the  horizon  assumed  as  an  origin.  The  origin 
from  which  azimuths  are  reckoned  is  arbitrary ;  so  also  is  the 
direction  in  which  they  are  reckoned ;  but  astronomers  usually 
take  the  south  point  of  the  horizon  as  the  origin,  and  reckon 
towards  the  right  hand,  from  0°  to  360° ;  that  is,  completely 
arpund  the  horizon  in  the  direction  expressed  by  writing  the 
cardinal  points  of  the  horizon  in  the  order  S.W.  N.  E.  We 
may,  therefore,  also  define  azimuth  as  the  angle  which  the 
vertical  plane  makes  with  the  plane  of  the  meridian. 

Navigators,  however,  usually  reckon  the  azimuth  from  the 
north  or  south  points,  according  as  they  are  in  north  or  south 
latitude,  and  towards  the  east  or  west,  according  as  the  point 
of  the  sphere  considered  is  east  or  west  of  the  meridian :  so  that 
the  azimuth  never  exceeds  180°.  Thus,  an  azimuth  w^hich  is 
expressed  according  to  the  first  method  simply  by  200°  would 
be  expressed  by  a  navigator  in  north  latitude  by  N.  20°  E.,  and 
by  a  navigator  in  south  latitude  by  S.  160°  E.,  the  letter  prefixed 
denoting  the  origin,  and  the  letter  affixed  denoting  the  direction 
in  which  the  azimuth  is  reckoned,  or  w^hether  the  point  consi- 
dered is  east  or  west  of  the  meridian. 

When  the  point  considered  is  in  the  horizon,  it  is  often 
referred  to  the  east  or  west  points,  and  its  distance  from  the 
nearest  of  these  points  is  called  its  amplitude.  Thus,  a  point  in 
the  horizon  whose  azimuth  is  110°  is  said  to  have  an  amplitude 
of  W.  20°  K 

Since  by  the  diurnal  motion  the  observer's  horizon  is  made 
to  change  its  position  in  the  heavens,  the  co-ordinates,  altitude 
and  azimuth,  are  continually  changing.  Their  values,  therefore, 
will  depend  not  only  upon  the  observer's  position  on  the  earth, 
but  upon  the  time  reckoned  at  his  meridian. 

Instead  of  the  altitude  of  a  point,  we  frequently  employ  its 
zenith  distance^  which  is  the  arc  of  the  vertical  circle  between  the 
point  and  the  zenith.  The  altitude  and  zenith  distance  are, 
therefore,  complements  of  each  other. 

We  shall  hereafter  denote  altitude  by  A,  zenith  distance  by  f, 
azimuth  by  A.    We  shall  have  then 

C  =  90°  —  A  A  =  90°  --  C 
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The  value  of  ^  for  a  point  below  the  horizon  will  be  greater 
than  90*^,  and  the  corresponding  value  of  A,  found  by  the  for- 
mula h  =  90°  ~  ^,  will  be  negative :  so  that  a  negative  altitude 
will  express  the  depression  of  a  point  below  the  horizon.  Thus, 
a  depression  of  10°  will  be  expressed  hy  h=  —10°,  or  ^  =  100°. 

4.  Second  system  of  co-ordinates, — Declination  and  hour  angle. — In 
this  system,  the  primitive  circle  is  the  celestial  equator^  or  that 
great  circle  of  the  sphere  whose  plane  is  perpendicular  to  the 
axis  of  the  earth  and,  consequently,  coincides  with  the  plane  of 
the  terrestrial  equator.  This  circle  is  also  sometimes  called  the 
equinoctial. 

The  diurnal  motion  of  tlie  earth  does  not  change  the  position 
of  the  plane  of  the  equator.  The  axis  of  the  earth  produced  to 
the  celestial  sphere  is  called  the  axis  of  the  heavens :  the  points 
in  which  it  meets  the  sphere  are  the  north  and  south  poles  of 
the  equator,  or  the  poles  of  the  heavens. 

Secondaries  to  the  equator  are  called  circles  of  declination^  and 
also  hour  circles.  Since  the  plane  of  the  celestial  meridian 
passes  through  the  axis  of  the  equator,  it  is  also  a  secondary  to 
the  equator,  and  therefore  also  a  circle  of  declination. 

Parallels  of  declination  are  small  circles  parallel  to  the  equator. 

The  declination  of  a  point  of  the  sphere  is  its  distance  from  the 
equator  measured  on  a  circle  of  declination,  and  its  hour  angle  is 
the  angle  at  either  pole  between  this  circle  of  declination  and  the 
meridian.  The  hour  angle  is  measured  by  the  arc  of  the  equator 
intercepted  between  the  circle  of  declination  and  the  meridian. 
As  the  meridian  and  equator  intersect  in  two  points,  it  is  neces- 
sary to  distinguish  which  of  these  points  is  taken  as  the  origin 
of  hour  angles,  and  also  to  know  in  what  direction  the  arc  which 
measures  the  hour  angle  is  reckoned.  Astronomers  reckon 
from  that  point  of  the  equator  which  is  on  the  meridian  above 
the  horizon,  towards  the  west,—- that  is,  in  the  direction  of  the 
apparent  diunial  motion  of  the  celestial  sphere, — and  from  0°  to 
860°,  or  from  0*  to  24*,  allowing  15°  to  each  hour. 

Of  these  co-ordinates,  the  declination  is  not  changed  by  the 
diurnal  motion,  while  the  hour  angle  depends  only  on  the  time 
at  the  meridian  of  the  observer,  or  (which  is  the  same  thing)  on 
the  position  of  his  meridian  in  the  celestial  sphere.  All  the 
observers  on  the  same  meridian  at  the  same  instant  will,  for  the 
Bame  star,  reckon  the  same  declination  and  hour  angle.   We  have 
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thus  introduced  co-ordinates  of  which  one  is  wholly  independent 
of  the  observer's  position  and  the  other  is  independent  of  his 
latitude. 

We  shall  denote  declination  by  5,  and  north  declination  will 
be  distinguished  by  prefixing  to  its  numerical  value  the  sign  +, 
and  south  declination  by  the  sign  — . 

We  shall  sometimes  make  use  of  the  polar  distance  of  a  point, 
or  its  distance  from  one  of  the  poles  of  the  equator.  If  we  denote 
it  by  P,  the  north  polar  distance  will  be  found  by  the  formula 

P  =  90**  —  a 

and  the  south  polar  distance  by  the  formula 

P  =  90^  +  ^ 

The  hour  angle  will  generally  Jbe  denoted  by  t  It  is  to  be 
observed  that  as  the  hour  angle  of  a  celestial  body  is  continually 
increasing  in  consequence  of  the  diurnal  motion,  it  may  be  con- 
ceived  as  having  values  greater  than  360°,  or  24*,  or  greater  than 
any  given  multiple  of  360°.  Such  an  hour  angle  may  be  re- 
garded as  expressing  the  time  elapsed  since  some  given  passage 
of  the  body  over  the  meridian.  But  it  is  usual,  when  values 
greater  than  860°  result  from  any  calculation,  to  deduct  360°. 
Again,  since  hour  angles  reckoned  towards  the  west  are  always 
positive,  hour-angles  reckoned  towards  the  east  must  have  the 
negative  sign :  so  that  an  hour  angle  of  300^,  or  20*,  may  also  be 
expressed  by  —60°,  or  — 4*. 

6.  TTiird  system  of  co-ordinates. — Declination  and  right  ascension. — 
In  this  system,  the  primitive  plane  is  still  the  equator,  and  the 
first  co-ordinate  is  the  same  as  in  the  second  system,  namely,  the 
declination.  The  second  co-ordinate  is  also  measured  on  the 
equator,  but  from  an  origin  which  is  not  affected  by  the  diurnal 
motion.  Any  point  of  the  celestial  equator  might  be  assumed 
as  the  origin;  but  that  which  is  most  naturally  indicated  is 
the  vernal  equinox,  to  define  which  some  preliminaries  are 
necessary. 

The  ecliptic  is  the  great  circle  of  the  celestial  sphere  in  which 
the  sun  appears  to  move  in  consequence  of  the  earth's  motion  in 
its  orbit.  The  position  of  the  ecliptic  is  not  absolutely  fixed  in 
space ;  but,  according  to  the  defi.nition  just  given,  its  position  at 
any  instant  coincides  with  that  of  the  great  circle  in  which  the 
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sun  appears  to  be  moving  at  that  instant.  Its  annual  change  is, 
however,  very  small,  and  its  daily  change  altogether  insensible. 

The  obliquity  of  the  ecliptic  is  the  angle  which  it  makes  with 
the  equator. 

The  points  where  the  ecliptic  and  equator  intersect  are  called 
the  equinoctial  points j  or  the  equinoxes ;  and  that  diameter  of  the 
sphere  in  which  their  planes  intersect  is  the  line  of  equinoxes. 

The  vernal  equinox  is  the  point  through  which  the  sun  ascends 
from  the  southern  to  the  northern  side  of  the  equator ;  and  the 
autumnal  equinox  is  that  through  which  the  sun  descends  from  the 
northern  to  the  southern  side  of  the  equator. 

The  solstitial  points^  or  solstices,  are  the  points  of  the  ecliptic 
90°  from  the  equinoxes.  They  are  distinguished  as  the  north- 
em  and  southern,  or  the  summer  and  winter  solstices. 

The  equinoctial  colure  is  the  circle  of  declination  which  passes 
through  the  equinoxes.  The  solstitial  colure  is  the  circle  of  decli- 
nation which  passes  through  the  solstices.  The  equinoxes  are 
the  poles  of  the  solstitial  colure. 

By  the  annual  motion  of  the  earth,  its  axis  is  carried  very 
nearly  parallel  to  itself,  so  that  the"  plane  of  the  equator,  which 
is  always  at  right  angles  to  the  axis,  is  very  nearly  a  fixed  plane 
of  the  celestial  sphere.  The  axis  is,  however,  subject  to  small 
changes  of  direction,  the  effect  of  which  is  to  change  the 
position  of  the  intersection  of  the  equator  and  the  ecliptic,  and 
hence,  also,  the  position  of  the  equinoxes.  In  expressing  the 
positions  of  stars,  referred  to  the  vernal  equinox,  at  any  given 
instant,  the  actual  position  of  the  equinox  at  the  instant  is 
understood,  unless  otherwise  stated. 

The  right  ascension  of  a  point  of  the  sphere  is  the  arc  of  the 
equator  intercepted  between  its  circle  of  declination  and  the 
vernal  equinox,  and  is  reckoned  from  the  vernal  equinox  east- 
ward  from  0°  to  360°,  or,  in  time,  from  0*  to  24*. 

The  point  of  observation  being  supposed  at  the  centre  of  the 
earth,  neither  the  declination  nor  the  right  ascension  will  be 
affected  by  the  diurnal  motion:  so  that  these  co-ordinates  are 
wholly  independent  of  the  observer's  position  on  the  surface  of 
the  earth.  Their  values,  therefore,  vary  only  with  the  time, 
and  are  given  in  the  ephemerides  as  functions  of  the  time 
reckoned  at  some  assumed  meridian. 

"We  shall  generally  denote  right  ascension  by  a.  As  its  value 
reckoned  towards  the  east  is  positive,  a  negative  value  resulting 
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from  any  calculation  would  be  interpreted  as  signifying  an  arc 
of  the  equator  reckoned  from  the  vernal  equinox  towards  the 
west.  Thus,  a  point  whose  right  ascension  is  300°,  or  20*,  may 
also  be  regarded  as  in  right  ascension  — 60°,  or  — 4* ;  but  such 
negative  values  are  generally  avoided  by  adding  860°,  or  24*. 
Again,  in  continuing  to  reckon  eastward  we  may  arrive  at 
values  of  the  right  ascension  greater  than  24*,  or  greater  than 
48*,  etc. ;  but  in  such  cases  we  have  only  to  reject  24*,  48*,  etc. 
to  obtain  values  which  express  the  same  thing. 

6.  Fourth  system  of  co-ordinates. — Celestial  latitude  and  hngU 
lude. — In  this  system  the  ecliptic  is  taken  as  the  primitive  circle, 
and  the  secondaries  by  which  points  of  the  sphere  are  referred 
to  it  are  called  circles  of  latitude.  Parallels  of  latitude  are  small 
circles  parallel  to  the  ecliptic. 

The  latitude  of  a  point  of  the  sphere  is  its  distance  from  the 
ecliptic  measured  on  a  circle  of  latitude,  and  its  longitude  is  the 
arc  of  the  ecliptic  intercepted  between  this  circle  of  latitude  and 
the  vernal  equinox.  The  longitude  is  reckoned  eastward  from 
0°  to  860°.  The  longitude  is  sometimes  expressed  in  signSy 
degrees,  &c.,  a  sign  being  equal  to  30°,  or  one-twelfth  of  the 
ecliptic. 

These  co-ordinates  are  also  independent  of  the  diurnal  motion. 
It  is  evident,  however,  that  the  system  of  declination  and  right 
ascension  will  be  generally  more  convenient,  since  it  is  more 
directly  related  to  our  first  and  second  systems,  which  involve 
the  observer's  position. 

We  shall  denote  celestial  latitude  by  /9 ;  longitude  by  X.  Posi- 
tive values  of  ^  belong  to  points  on  the  same  side  of  the  ecliptic 
as  the  north  pole ;  negative  values,  to  those  on  the  opposite  side. 

In  connection  with  this  systein  we  may  here  define  the  nana- 
gesimuly  which  is  that  point  of  the  ecliptic  which  is  at  the  greatest 
altitude  above  the  horizon  at  any  given  time.  That  vertical 
circle  of  the  observer  which  is  perpendicular  to  the  ecliptic  meets 
it  in  the  nonagesimal ;  and,  being  a  secondary  to  the  ecliptic,  it 
is  also  a  circle  of  latitude :  it  is  the  great  circle  which  passes 
through  the  observer's  zenith  and  the  pole  of  the  ecliptic. 

7.  Co-ordinates  of  the  observer's  position. — ^We  have  next  to  ex- 
press the  position  of  the  observer  on  the  surface  of  the  earth, 
according  to  the  different  syst-ams  of  co-ordinates.     This  will  be 


SPHERICAL   CO-ORDINATES.  25 

done  by  referring  his  zenith  to  the  primitive  circle  in  the  same 
manner  as  in  the  case  of  any  other  point. 

In  the  first  system,  the  primitive  circle  being  the  horizon,  of 
which  the  zenith  is  the  pole,  the  altitude  of  the  zenith  is  always 
90°,  and  its  azimuth  is  indeterminate. 

In  the  second  system,  the  declination  of  the  zenith  is  the  same 
as  the  terrestrial  latitude  of  the  observer,  and  its  hour  angle  is 
zero.  The  declination  of  the  zenith  of  a  place  is  called  the 
geographical  latitude^  or  simply  the  latitude,  and  will  be  hereafter 
denoted  by  (p.  North  latitudes  will  have  the  sign  + ;  south 
latitudes,  the  sign  — . 

In  the  third  system,  the  declination  of  the  zenith  is,  as  before, 
the  latitude  of  the  observer,  and  its  right  ascension  is  the  same 
as  the  hour  angle  of  the  vernal  equinox. 

In  the  fourth  system,  the  celestial  latitude  of  the  zenith  is  the 
same  as  the  zenith  distance  of  the  nonagesimal,  and  its  celestial 
longitude  is  the  longitude  of  the  nonagesimal. 

It  is  evident,  from  the  definitions  which  have  been  given,  that 
the  problem  of  determining  the  latitude  of  a  plaee  by  astro- 
nomical observation  is  the  same  as  that  of  determining  the 
declination  of  the  zenith ;  and  the  problem  of  finding  the  lon- 
gitude may  be  resolved  into  that  of  determining  the  right 
ascension  of  the  meridian  at  a  time  when  that  of  the  prime 
meridian  is  also  given,  since  the  longitude  is  the  arc  of  the 
equator  intercepted  between  the  two  meridians,  and  is,  conse- 
quently, the  difference  of  their  right  ascensions. 

8.  The  preceding  definitions  are  exemplified  in  the  following 
figures. 

Fig.  1  is  a  stereographic  projection  of 
the  sphere  upon  the  plane  of  the  horizon, 
the  projecting  point  being  the  nadir.  Since 
the  planes  of  the  equator  and  horizon  are 
both  perpendicular  to  that  of  the  meridian, 
their  intersection  is  also  perpendicular  to 
it;  and  hence  the  equator  WQE  passes 
through  the  east  and  west  points  of  the 
horizon.  All  vertical  circles  passing 
through  the  projecting  point  will  be  projected  into  straight 
lines,  as  the  meridian  NZS^  the  prime  vertical  WZE,  and  the 
vertical  circle  ZOIT drawn  through  any  point  Oof  the  surface 
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of  the  sphere.     We  have  then,  according  to  the  notation  adopted 
in  the  first  system  of  co-ordinates, 

A  =  the  altitude  of  the  point  0  =  OHy 
C  =  the  zenith  distance  "  =  OZ^ 
A  =  the  azimuth  "        =  SH^  or 

=  the  angle  SZH. 

If  the  declination  circle  POD  be  drawn,  we  have,  in  the  second 
system  of  co-ordinates, 

d  =  the  declination  of  O  =  OB^ 
P  =  the  polar  distance  "  =  PO, 
t  =  the  hour  angle         «  =  ZPD,  or  =  QD. 

K  Fis  the  vernal  equinox,  we  have,  in  the  third  system  of 
co-ordinates, 

9  =  the  declination  of  0  =  OD, 
a  =  the  right  ascension   =  FD,  or 
=  the  angle  VPJ). 

In  this  figure  is  also  drawn  the  six  hour  circle  EPW^  or  the 
declination  circle  passing  through  the  east  and  west  points  of  the 
horizon.  The  angle  ZP  W^  or  the  arc  Q  W,  being  90°,  the  hour 
angle  of  a  point  on  this  circle  is  either  +  6*  or  —6*,  that  is,  either 
6'*  or  18\ 
Fig.  2  is  a  repetition  of  the  preceding  figure,  with  the  addi- 
Fig.  2.  tion  of  the  ecliptic  and  the  circles  related 

to  it.  C  FT"  represents  the  ecliptic,  P'  its 
pole,  P'OL  a  circle  of  latitude.  Hence  we 
have,  in  our  third  system  of  co-ordinates, 

^  z=  the  celestial  latitude  of  0  =  OX, 
k  =  "         longitude  "     =  VL, 

=  the  angle  VP'L. 

We  have  also  FP  the  equinoctial  colure,  P'P^IP  the  solstitial 
colure,  P'ZGF  the  vertical  circle  passing  through  P',  which  is 
therefore  perpendicular  to  the  ecliptic  at  G.  The  point  G  is  the 
nonagesimal;  ZG  is  its  zenith  distance,  FG^  its  longitude;  or 
ZG  is  the  celestial  latitude  and  VG  the  celestial  longitude  of  the 
zenith. 

Finally,  we  have,  in  both  Fig.  1  and  Fig.  2, 

^  =  the  geographical  latitude  of  the  observer 
=  ZQ  =  90°  ^PZ=PN 
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Hence  the  latitude  of  the  observer  is  always  equal  to  the  alti- 
tude of  the  north  pole.  For  an  observer  in  south  latitude,  the 
north  pole  is  below  the  horizon,  and  its  altitude  is  a  negative 
quantity:  so  that  the  definition  of  latitude  as  the  altitude  of  the 
north  pole  is  perfectly  general  if  we  give  south  latitudes  the 
negative  sign.  The  south  latitude  of  an  observer  considered 
independently  of  its  sign  is  equal  to  the  altitude  of  the  south 
pole  above  his  horizon,  the  elevation  of  one  pole  being  always 
equal  to  the  depression  of  the  other. 

9.  Numerical  expression  of  hour  angles. — The  equator,  upon 
which  hour  angles  are  measured,  may  be  conceived  to  be  divided 
into  24  equal  parts,  each  of  which  is  the  measure  of  one  hour, 
and  is  equivalent  to  ^  of  360°,  or  to  15°.  The  hour  is  divided 
sexagesimally  into  minutes  and  seconds  of  feme,  distinguished 
from  minutes  and  seconds  of  arc  by  the  letters  "*  and  •  instead 
of  the  accents '  and  ".     We  shall  have,  then, 

P  =  15°  1-  =  15'  1'  =  15" 

To  convert  an  angle  expressed  in  time  into  its  equivalent  ih 
arc,  multiply  by  15  and  change  the  denominations  *  ~  •  into 
°  ' '';  and  to  convert  arc  into  time,  divide  by  15  and  change  °  '  " 
into  *  *  •.  The  expert  computer  will  readily  find  ways  to 
abridge  these  operations  in  practice.  It  is  well  to  observe,  for 
this  purpose,  that  from  the  above  equalities  we  also  have, 

P  =  4-        r  =  4* 

and  that  we  may  therefore  convert  degrees  and  minutes  of  arc 
into  time  by  multiplying  by  4  and  changing  °  '  into  **  • ;  and 
reciprocally. 

TRANSFORMATION   OF   SPHERICAL   CO-ORDINATES. 

10.  Given  the  altitude  (A)  and  azimuth  {A)  of  a  star,  or  of  any  point 
of  the  sphere,  and  the  latitude  (f )  of  the  observer,  to  find  tlie  declina- 
Hon  {S)  and  hour  angle  {t)  of  the  star  or  the  point  In  other  words, 
to  transform  the  co-ordinates  of  the  first  system  into  those  of  the 
second. 

This  problem  is  solved  by  a  direct  application  of  the  formul© 
of  Spherical  Trigonometry  to  the  triangle  POZ,  Fig.  1,  in  which, 
O  being  the  given  star  or  point,  we  have  three  parts  given, 
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namely,  ZO  the  zenith  distance  or  complement  of  the  given 
altitude,  PZO  the  supplement  of  the  given  azimuth,  and  PZ  the 
complement  of  the  given  latitude ;  from  which  we  can  find  PO 
the  polar  distance  or  complement  of  the  required  declination, 
and  ZPO  the  required  hour  angle.  But,  to  avoid  the  trouble  of 
taking  complements  and  supplements,  the  formulse  are  adapted 
so  as  to  express  the  declination  and  hour  angle  directly  in  terms 
of  the  altitude,  azimuth,  and  latitude. 

To  show  as  clearly  as  possible  how  the  formulw 
of  Spherical  Trigonometry  are  thus  converted  into 
formulae  of  Spherical  Astronomy,  let  us  first  con- 
sider a  spherical  triangle  ABC,  Fig.  8,  in  which 
there  are  given  the  angle  A,  and  the  sides  h  and  c,  to 
find  the  angle  B  and  the  side  a.  The  general  rela- 
tions between  these  five  quantities  are  [Sph.  Trig. 
Art.  114]* 

cos  a  =^  cos  c  cos  6  +  si"^  ^  ^^^  ^  ^^^  -^ 
sin  a  cos  B  ^  sin  c  cos  b  —  cos  c  sin  b  cos  A        ^     (3L) 
sin  a  sin  B  =  sin  b  sin  A 

Now,  comparing  the  triangle  ABC  with  the  triangle  PZO  of 
Fig.  1,  we  have 

A  =  PZO  =  ISO''  —  A  a=   PO  =  90*'  — d 

b=    Z0=  90°— A  l&  =  ZPO=t 

c=    PZ=  90°— sp 

Substituting  these  values  in  the  above  equations,  we  obtain 

sin  ^  =  sin  ^  sin  h  —  cos  f  cos  h  cos  A  (1) 

cos  d  cos  t  =  cos  f>  sin  A  -|-  sin  ^  cos  h  cos  A  (2) 

cos  d  sin  t=  cos  h  sin  A  (3) 

which  are  the  required  expressions  of  8  and  t  in  terms  of  h  and  A. 
If  the  zenith  distance  (j;)  of  the  star  is  given,  the  equations 
will  be 

sin  ^  =  sin  ^  cos  C  —  cos  ^  sin  C  cos  A  (4) 

cos  d  co6t  =  cos  f  cos  C  +  sin  ^  sin  C  cos  A  (5) 

cos  ^  sin  t  =  sin  C  sin  A  (6) 

Since,  in  Spherical  Astronomy,  we  consider  arcs  and  angles 
whose  values  may  exceed  180°,  it  becomes  necessary,  in  general, 


} 


*  The  references  to  Trigonometry  are  to  the  6Ui  edition  of  the  author's  "  Treatise 
on  Plane  and  Spherical  Trigonometry." 
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to  determine  such  arcs  and  angles  by  both  the  sine  and  the 
cosine,  in  order  to  fix  the  quadrant  in  which  their  values  are  to 
be  taken.  It  has  been  shown  in  Spherical  Trigonometry  that 
when  we  consider  the  general  triangle,  or  that  in  which  values 
are  admitted  greater  than  180°,  there  are  two  solutions  of  the 
triangle  in  every  case,  but  that  the  ambiguity  is  removed  and 
one  of  these  solutions  excluded  "  when,  in  addition  to  the  other 
data,  the  sign  of  the  sine  or  cosine  of  one  of  the  required  parts  is 
given."  [Sph.  Trig.  Art.  113.]  In  our  present  problem  the  sign 
of  cos  d  is  given,  since  it  is  necessarily  positive ;  for  8  is  always 
numerically  less  than  90°,  that  is,  between  the  limits  +90°  and 
^-90°.  Hence  cos  i  has  the  sign  of  the  second  member  of  (2)  or 
(5),  and  sin  i  the  sign  of  the  second  member  of  (3)  or  (6),  and  i 
is  to  be  taken  in  the  quadrant  required  by  these  two  signs.  Since 
fe  also  falls  between  the  limits  +90°  and  —90°,  or  f  between  0^ 
and  180°,  cos  A,  or  sin  f,  is  positive,  and  therefore  by  (3)  or  (6) 
sin  i  has  the  sign  of  sin  A ;  that  is,  when  A  <  180°  we  have  t  < 
180°,  and  when  A>180°  we  have  <>  180°,— conditions  which 
also  follow  directly  from  the  nature  of  our  problem,  since  the 
star  is  west  or  east  of  the  meridian  according  as  A  <  180°  or  A 
>  180°.  The  formula  (1)  or  (4)  fully  determines  d,  which  will 
always  be  taken  less  than  90°,  positive  or  negative  according  to 
the  sign  of  its  sine.* 

To  adapt  the  equations  (4),  (5),  and  (6)  for  logarithmic  compu- 
tation, let  m  and  M  be  assumed  to  satisfy  the  conditions  [PL 
Trig.  Art.  174], 

m  sin  Jf  =  sin  C  cos  -A  1 

m  cos  Jf  =  cos  C  / 


the  three  equations  may  then  be  written  as  follows : 

} 


Bin  ^  =  m  sin  (f  —  Jf ) 
cos  ^  cos  <  =  m  cos  {<p  —  M)  \     (8) 

cos  ^  sin  t  =  sin  C  sin  A 


IS  we  eliminate  m  from  these  equations,  the  solution  takes  the 
following  convenient  form : 

*  There  are,  howeyer,  special  problems  in  which  it  is  conyenient  to  depart  ft'om 
this  general  method,  and  to  admit  declinations  ipreater  than  90®,  as  will  be  seen 
hereafter. 
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tan  Jf  =  tan  C  cos  A 

tan  A  sin  31 

tan  t   = \      (g\ 

cos  (f  —  -M")  «       ^  ^ 

tan  ^  =  tan  (f>  —  Jf )  cos  t 

In  the  use  of  which,  we  must  observe  to  take  t  greater  or  less 
than  180°  according  as  A  is  greater  or  less  than  180°,  since  the 
\o\iv  angle  and  the  azimuth  must  fall  on  the  same  side  of  the 
meridian. 

Example. — ^In  the  latitude  f  =  88°  58'  53",  there  are  given  for 
a  certain  star  C  =  69°  42'  30",  A  =  300°  10'  30" ;  required  3  and  t. 
The  computation  by  (9)  may  be  arranged  as  follows  :* 


log  tan  C               0.4820966 

^= 

88*>  58'  6Z^^ 

log  COS  A               9.7012596 

log  tan  A 

110.2866026 

M= 

53   89   41.98 

log  tan  if              0.1383661 

log  sin  M 

9.9060828 

^- 

-if= 

—  14   40  4«.98 

log  tan  (0— if)  119.4182688 

log  sec  (0- 

-It)    0.0144141 

t=z 

804   66   26.49 

log  cos  t                9.7577677 

log  Un  t 

fiO.  1559995 

6  = 

—  8   81   46.56 

log  tan  d              n9.1760310 

Converting  the  hour  angle  into  time,  we  have  <  =  20*  19*  41*.766. 

11.  The  angle  POZj  Fig.  1,  between  the  vertical  circle  and 
the  declination  circle  of  a  star,  is  frequently  called  the  paraUaciic 
angkj  and  will  here  be  denoted  by  q.  To  find  its  value  from  the 
data  f ,  Ay  and  ^,  we  have  the  equations 

cos  8  cos  ^r  =  sin  C  sin  ^  +  cos  C  cos  f  cos  A         \     n(\ 
cos  ^  sin  g  =  cos  ^  sin  A         ) 

which  may  be  solved  in  the  following  form : 

/sin  i^=sin  C 

/  cos  F=  cos  C  cos  A 
cos  d  cos  q  =f  cos  (f  —  F) 
cos  6  sin  g  =  coa  f  sin  A 

or  in  the  following  : 

gr  sin  G^  sin  ^ 

g  cos  G  =  cos  f  cos  A 
cos  ^  cos  gr  :=  gr  COS  (C  —  G) 
cos  ^  sin  q  =  cos  ^  sin  A 

or  again  in  the  following  : 

*  In  this  work  the  letter  n  prefixed  to  a  logarithm  indicates  that  the  number  to 
which  it  corresponds  is  to  have  the  negatire  sign. 


(11) 


(12) 


tan  A  QO&  O-  V     (13) 


} 
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tan  G^  =  tan  ^sec  A 

1 
tan  j  =  -       ,        ^ 

and,  in  the  use  of  the  last  form,  it  is  to  be  observed  that  g  is  to 
be  taken  greater  or  less  than  180°  according  as  -4  is  greater  or 
less  than  180°,  as  is  evident  from  the  preceding  forms. . 

12.  If,  in  a  given  latitude,  the  azimuth  of  a  star  of  known 
declination  is  given,  its  hour  angle  and  zenith  distance  may  be 
found  as  follows.    We  have 

cos  ^  sin  ^  —  sin  t  cot  A  ^  cos  ^  tan  d 
cos  C  sin  ^  —  sin  C  cos  f  cos  A  =  sin  d 

The  solution  of  the  first  of  these  is  effected  by  the  equations 

6, sin  5  =  sin  ^ 

6  cos  J5  =  cot  A 

•    ^  r>      ,ts      cos  f>  tan  d 
sm  (5  —  t)  = ^- 

end  that  of  the  second  by 

c  sin  C^sin  ^ 

c  cos  C^  cos  ^  cos  A 

sm  (C— C)  = 

c 

13.  Finally,  if  from  the  given  altitude  and  azimuth  we  wish  to 
find  the  declination,  hour  angle,  and  parallactic  angle  at  the 
same  time,  it  will  be  convenient  to  use  Gauss's  Equations,  which 
for  the  triangle  ABC,  Fig.  3,  are 

cos  }  a  sin  }  (B-f  C)  =  cos  }  (b  —  c)  cos  }  A  \ 

cos  J  a  cos  }  (B  -|-  C  )  =  cos  J  (6  +  c)  sin  }  A  I     ^ 

sin  }  a  sin  }  (B  — C)  =  Bin  }  (6  — (?)  cos  }  A  { 

sin  }  a  cos  J  (B  —  C)  =: sin  J  (6  +  (?)  sin  }  A  1 

which  are  to  be  solved  in  the  usual  manner  [Sph.  Trig.  Art. 
116]  after  substituting  the  values  A  =  180°  —A,  6  ==  C>  ^  = 
90°— ^,  a  =  90°  — 5,  B  =  /,  C  =  q. 

14.  Given  the  declination  (d)  and  hour  angle  (t)  of  a  staVy  and  the 
latitude  {ip\  to  find  the  zenith  distance  (^)  and  azimuth  {A)  of  the  star. 
That  is,  to  transform  the  co-ordinates  of  the  second  system  into 
those  of  the  first. 

We  take  the  same  general  equations  (31)  of  Spherical  Trigo- 
nometry which  have  been  employed  in  the  solution  of  the  pre- 
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ceding  problem,  Art.  10;  but  we  now  suppose  the  letters  A,  B, 
C,  in  Fig.  3,  to  represent  respectively  the  pole,  the  zenith,  and 
the  star,  so  that  we  substitute 

b  =  W  —  d  B  =  180«  — A 

c  =  90«  — ^ 

and  the  equations  become 

cos  C  =      sin  ^  sin  d  -f-  cos  ^  cos  d  cos  t  \ 

sin  C  cos  A  =  —  cos  ^  sin  ^  +  sin  ^  cos  ^  cos  t  y     (14) 

sin  C  sin  A=  cm  d  sin  t  ) 

which  express  ^  and  A  directly  in  terms  of  the  data. 
Adapting  these  for  logarithmic  computation,  we  have 

m  sin  M=  sin  d 

m  cos  M=  cos  d  cos  t 

cos  C  =m  cos  (9P  — Jf)  ^      (1^) 

sin  C  cos  il  =  m  sin  (^  —  Jlf ) 
sin  C  sin  A  =  cos  ^  sin  t 

in  which  m  is  a  positive  number. 

Eliminating  m,  we  deduce  the  following  simple  and  accurate 
formulae : 

,      , -.      tan  d 

tanJf  = 

cos  t 

.        .       tan  f  cos  Jf 

tan  A  = ^  \     (16) 


sin  {f  —  M) 

COS  A 

where  A  is  to  be  taken  greater  or  less  than  180®  according  as  t 
is  greater  or  less  than  180°. 

Example  1.— In  latitude  ^  =  38°  58'  53",  there  are  given  for 
a  certain  star,  5  =  —  8°  31'  46".56,  <  =  20*  19"*  41'.766 ;  required 
A  and  f .    By  (16)  we  have : 

log  tan  d  n0.1760310 

^=      88«68'68'/     log  COB  (  9.7577677  log  tan  <  «0.155999d 

if=— 14  40  48.98    log  tan  if  nO. 4182688  log  cos  JIf  9.9866869 

0  — if=:      68  89  41.98    log  tan(^— if)   0.1888661  log  cosec  (0— if )^a0989172 

^=     800  10  80        log  COB  ^  9.7012695  log  tan  ^  n0.2866026 

C  =      69  42  80        log  tan  C  0.4820966 
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For  verification  we  can  use  the  equation 

sin  C  sin  A  =  cos  d  sin  t 

log  sin  C    9.9721748  log  cos  d  9.9951697 

log  sin  A   9.9367621  log  sin  t  9.9137672 

9.9089369  9.9089369 

Example  2. — In  latitude  f  =  —48°  32',  there  are  given  for  a 
star,  5  =  44°  6'  0",  <  =  17*  25*  4*;  required  A  and  f. 

We  find  A  =  241°  68'  83".2,  C  =  126°  25'  6".6;  the  star  is 
below  the  horizon,  and  its  negative  altitude,  or  depression,  is 
A  =  ~86°25'6".6. 

K  the  zenith  distance  of  the  same  star  is  to  be  frequently  com- 
puted on  the  same  night  at  a  given  place,  it  will  be  most  readily 
done  by  the  following  method.    In  the  first  equation  of  (14) 

substitute 

cos  t  =  l  —  2  sin"  }  t 
then  we  have 

cos  C  =  cos  (^^9)  —  2  cos  ^  cos  d  sin"  }  t 

where  ^^d  signifies  either  ^  —  3  or  5  —  f>,  and  if  5 >  f  the  latter 
form  is  to  be  used.  Subtracting  both  members  from  unity,  we 
obtain 

sin"  }  C  =sin"  }  (,9^9)  +  cos  ^  cos  d  sin"  }  t 
Now  let 

m  =  i/cos  f  cos  d 
n  =  sin  }  (^  ^  d) 
then  we  have 


and  hence,  by  taking  an  auxiliary  N  such  that 

tan  jr=  —  sin  }  t 
n 

we  have  )     (17) 

sm  K  = -  =  - — ^  sm  }  t 

cos  Jy      sin  iv 

The  second  form  for  sin  J  f  will  be  more  precise  than  the  first 
when  sin  iVis  greater  than  cos  N. 

The  quantities  m  and  n  will  be  constant  so  long  as  the  decli- 
nation does  not  vary. 

15.  If  the  parallactic  angle  q  (Art.  11)  and  the  zenith  distance 
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} 


(18) 


Z  are  required  from  the  data  ^,  ^,  and  <,  they  may  be  found 
from  the  equations 

cos  C  =  sin  f  sin  d  +  cos  ^  cos  d  cos  t 

sin  C  cos  q  =  Bm  ^  cos  ^  —  cos  ^  sin  ^  cos  t 

sin  C  sin  j'  =  cos  ^  sin  t 

which  are  adapted  for  logarithms  as  follows : 

n  sin  -ZV=  cos  ^  cos  t 

n  cos  N=  sin  ^ 
cos  C  =  n  sin  (9  +  JV) 
sin  C  cos  g  =  n  cos  (^  +  iV) 
sin  C  sin  g  =  cos  ^  sin  t 

or,  eliminating  n,  thus : 


(19) 


tan  JV=  cot  f>  cos  f 

^    .  tan  t  sin  JV 

tan  C  sm  g : 


(20) 


sin  (^  +N) 
tan  C  cos  j'  =  cot  (^  +  iV) 

When  this  last  form  is  employed  in  the  case  of  a  star  which 
has  been  observed  above  the  horizon,  tan  (^  is  known  to  be  posi- 
tive, and  there  is  no  ambiguity  in  the  determination  of  q.  This 
form  is,  therefore,  the  most  convenient  in  practice. 

If  f ,  Ay  and  q  are  all  required  from  the  data  ^,  <,  and  ^,  we 
have,  by  Gauss's  equations, 

sin  J  C  sin  }  (-4  +  g)  =  sin  }  t  cos  }  (s^  +  ^) 
sin  }  C  cos  }  (A  -|-  g)  =  cos  J  t  sin  }  (^  —  d) 
cos  }  C  sin  i  (A  —  g)  =  sin  it  sin  }  (f>  +  ^) 
cos  i  C  cos  J  (A — g)  =  cos  J  t  cos  }  (^  —  ^) 


(21) 


Fig.  4. 


16.  When  the  altitude,  azimuth,  and  parallactic  angle  of  known 
stars  are  to  be  frequently  computed  at  the 
same  place,  the  labor  of  computation  is 
much  diminished  by  an  auxiliary  table  pre- 
pared for  the  latitude  of  the  place  accord- 
ing to  formulsB  proposed  by  Gauss.  A 
specimen  of  such  a  table  computed  for  the 
latitude  of  the  Altona  Observatory  will  be 
found  in  ^^Schumacher's  Hiilfstafelny  neu 
herausg.  v.  Warnstorflf."  The  requisite 
formulae  are  readily  deduced  as  follows : 

Let  the  declination  circle  through  the  object  0,  Fig.  4,  be 
produced  to  intersect  the  horizon  in  F.    By  the  diurnal  motion 
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the  point  F  changes  its  position  on  the  horizon  with  the  time ; 
but  its  position  depends  only  on  the  time  or  the  hour  angle 
ZPOj  and  not  upon  the  declination  of  0.  The  elements  of  the 
position  of  F  may  therefore  be  previously  computed  for  succes- 
sive values  of  L 

"We  have  in  the  triangle  PFSy  right-angled  at  S^  FPS=  U 
PS=  180°  —  ^;  and  if  we  put 

fSL  =  FS,       B  =  PF-90'',       r  =  180°-Pl?Bl 
we  find 

tan  9,  =  sin  ^  tan  t,    tan  B  =  cot  f  cos  f,    cot  /^  =  sin  JS  tan  t 

We  have  now  in  the  triangle  HOFy  right-angled  at  H^ 

B  +  d=OF,  r  =  ^FO,  h  =  OH, 

and  if  we  put 

u=::HF=H8-'F8  =  A''% 

we  find 

tan  u  =  cos  T'  tan  (JB-\'d)  A  =  ^  +  w 

sin  A  =  8in/'  sin  {B-^-d)         or,  tan  A  =  tan /^  sin  u. 

To  find  the  parallactic  angle  q=POZ^  we  have  in  the  triangle 

HOF 

tan  q  =  cot  y  sec  (5  +  d) 

In  the  Gaussian  table  for  Altona  as  given  in  the  "Hiilfstafeln" 
we  find  five  columns,  which  give  for  the  argument  <,  the  quan- 
tities fl,  -B,  log  cos  Yj  log  sin  y^  log  cot  y,  the  last  three  under 
the  names  log  (7,  log  D,  and  log  Fy  respectively.  With  the  aid 
of  this  table,  then,  the  labor  of  finding  any  one  of  the  quan- 
tities ky  Ay  q  is  reduced  to  the  addition  of  two  logarithms, 
namely: 

tanu=  CtAn(B  +  d)  smh  =  DHin  (B  +  d) 

A  =  fSL  +  u  iAnq  =  Esec  (B+d) 

The  formulae  for  the  inverse  problem  (of  Art.  10)  may  also  be 
found  thus.  Let  G  be  the  intersection  of  the  equator  and  the 
vertical  circle  through  0,  and  put  B  =  JIGy  u  =DGy  a=  QGy 
7*=  ZGQ;  then  we  readily  find 

tan  a  =  sin  ^  tan  Ay    tan  J5  =  cot  9»  cos  Ay    cot  /^  =  sin  JB  tan  A 

which  are  of  the  same  form  as  those  given  above,  with  the  ex- 
change of  A  for  t.  Hence  the  same  table  gives  also  the  elements 
of  the  point  Gy  by  entering  with  the  argument  "azimuth,"  ex- 
pressed  in  time,  instead  of  the  hour  angle.    We  then  have  t  = 
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DQy  and  if  we  here  put  u  =  DG  =  fSL  —  tj  we  have  from  the 
triangle  GDO 

Bin  d  =: gin T'  sin  (A  —  B)  tan  ti  =  cos;'  tan  (h  — B) 

or,  employing  the  notation  of  the  table, 

tan  ti=  Ctan  (A  — 5)  sin  d  =i>  sin  (h—B) 

t =ft  —  u  tan  J  =  J?  sec  (A  — -  B) 

17.  To  find  the  zenith  distance  and  azimuth  of  a  star,  when  en  the 
sit  hour  circle. — Since  in  this  case  <  =  6*  =  90*^,  the  triangle  PZO, 
Fig.  4,  is  right-angled  at  P,  and  gives  immediately 

cos  ZO  =  cos  PZ  cos  PO  cot  PZO  =  sin  PZ  cot  PO 

or,  since  PZO  =  180°  —^,  and  cot  PZO  =  -  cot  Ay 

cos  C  =  sin  ^  sin  d  cot  A=  —  cos  ^  tan  d 

But  if  the  star  is  on  the  six  hour  circle  east  of  the  meridian, 

we  must  put  t=  18*=270°  and  PZO= A—ISO'' ;  hence  for  this 

case 

cot  A  =  +  cos  f>  tan  9 

A  more  general  solution,  however,  is  obtained  from  the  equa- 
tions (14),  by  putting  cos  <  =  0,  sin  <=  ±  1,  whence 


COS  C  =       sin  ^  sin  9 
sin  C  cos  A  =  —  cos  ??  sin  ^  )-    (22) 

sin  C  sin  Jl  =  ±  cos  9 


] 


the  lower  sign  in  the  last  equation  being  used  when  the  star  is 
east  of  the  meridian. 

Example. — ^Required  the  zenith  distance  and  azimuth  of  Sinus, 
d  =  — 16°  31'  20",  when  on  the  six  hour  circle  east  of  the  meri- 
dian at  the  Cape  of  Good  Hope,  ^  =  —  38^  66'  8".    We  find 

log  (—  cos  9)  =  log  sin  C  sin  il  =r  n9.9816870 
log  (—  cos  f  sin  8)  =  log  sin  C  cos -A  =  9.3728204 

A  =  283^49'34".9 
log  sin  A  =  9.9872302 

log  sin  C  =  9.9944668 
log  sin  ^  sin  d  =  log  cos  C  =  9.2007809 

C  =   80^  51' 86" 
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Pig.  6. 


18.  To  find  the  hour  angle^  azimuth^  and  zenith  distance  of  a  given 
star  at  its  greatest  elongation. — ^In  this  case  the  vertical  circle 
ZS,  Fig.  5,  is  tangent  to  the  diurnal  circle, 
SAj  of  the  star,  and  is,  therefore,  perpendicular 
to  the  declination  circle  PS.  The  right  triangle 
PZS  gives,  therefore, 

tan  ^ 


cos  t  = 


sinA  = 


C08C  = 


tan  d 
cos  8 
cos  ^ 
sin  9? 
sin  d 


(23) 


If  8  and  y  are  nearly  equal,  each  of  the  quantities  cos  tj  sin  A^ 
and  cos  (^  will  be  nearly  equal  to  unity,  and  a  more  accurate 
solution  for  that  case  will  then  be  as  follows : 

Subtract  the  square  of  each  from  unity ;  then  we  have 

tan'  d  —  tan»  ^  sin  (9  -f  y)  sin  (d  —  y) 

tan'  d  cos*  f  sin»  d 

cos*  f  —  cos»  8    sin  (d  -f-  y)  sin  (d  —  y) 

cos'  f  cos'  ^ 

.  .  ^        sin'  9  —  8in'  <p         sin  (8  +  f>)  sin  (d  —  f>) 

Sm*  C=  r-TT ^  =  ^^ .   ,^  ^ 

sin'  d  sin'  d 

Hence  if  we  put 

k  =  |/[8in  (8  +  ^)  sin  (d  —  f>)] 
WA  shall  have 

k  .  k 


sin' t  = 


cos'-A  = 


sin  ^  = 


cos  A  = 


sinC  = 


™,  _     .    --        (24) 

cos  ^  sin  ^  cos  ^  sin  ^         ^    ^ 

19.  To  find  the  hour  angle,  zenith  distance,  and  parallactic  angle  of 
a  given  star  on  the  prime  vertical  of  a  given  place. 

In  this  case,  the  point  0  in  Pig.  1  being  in  the  circle  WZE, 
the  angle  PZO  is  90°,  and  the  right  triangle  PZO  gives 

tan  d 


cost  = 


cosC  = 


tan  ^ 
sin  d 
sin  ^ 


cos  0 

sing  =  J- 

^         cos  9 


(25) 
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If  5  is  but  little  less  than  ^,  the  star  will  be  near  the  zenith, 
and,  as  in  the  preceding  article,  we  shall  obtain  a  more  accurate 
solution  as  follows  : 

Put 

k  =  |/[8in  (f>  +  d)  sin  (^  —  d)] 
then 

Bin  C  =  TTz—        cosgr  =  -_^        (26) 


sin  t  = 


sin  ^  cos  d 


BlUf 


cos^ 


"We  may  also  deduce  the  following  convenient  and  accurate 
formulse  for  the  case  where  the  star's  declination  is  nearly  equal 
to  the  latitude  [see  Sph.  Trig.  Arts.  60,  61,  62] : 


^sin  (^  —  9) 


+  »)) 


Af  Vtan  i  (f  +  *)/ 
tan  (45°  —  i  q)  =  |/[tan  }(?  +  »)  tan  J  (f  —  «)] 


(27) 


If  ^  >  f >  these  values  become  imaginary;  that  is,  the  star  can« 
not  cross  the  prime  vertical. 

Example. — Required  the  hour  angle  and  zenith  distance  of  the 
star  12  Canum  Venaiicorum  (^  =  +  39°  5'  20")  when  on  the  prime 
vertical  of  Cincinnati  (f  =  +  39°  5'  64"). 

i(^^d)=     0°0'17" 
}  (^  —  (J)  =    39  5  37 
log  tan  i  (^  —9)  5.91602 
log  tan  }  (sp  +  d)  9.90982 


^  —  9=      0°  0'  34" 

^  +  9=    78  11  14 

log  sin  (^  —  9)  6.21705 

log  sin  (^  +  d)  9.99070 

2)6.22635 

log  tan  }  t         8.11318 

J  <  =  0°  44'  36".6 

t  =  1°  2?'  13".2 

=  0»  5-  56'.88 


2)6.00620 
log  tan  }  C  8.00310 

J  C  =  0°  34'  37".3 
C  =  l°    9'14".6 


20.  To  find  the  amplitude  and  hour  angle  of  a  given  star  when  in 
the  horizon. — ^If  the  star  is  at  jff,  Fig.  1,  we  have  in  the  triangle 
PHN,  right-angled  at  N,  PN=  9,  HPN  =  180°  --t,PH  = 
90°  —  d ;  and  if  the  amplitude  WH  is  denoted  by  a,  we  have 
HN=  90°  —  a.    This  triangle  gives,  therefore, 


sin  a  =  sec  sp  sin  d 
cos  t  =  —  tan  ip  tan  d 


}     (28) 
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21.  Given  the  hour  angle  {t)ofa  star,  to  find  its  right  ascension  (a). 
— Transformation  from  our  second  system  of  co-ordinates  to  the 
third. 

There  must  evidently  be  given  also  the  position  of  the  meridian 
with  reference  to  the  origin  of  right  ascensions.  Suppose  then 
in  Fig.  1  we  know  the  right  ascension  of  the  meridian,  or  VQ 
=  0,  then  we  have  VJD  =  VQ  —DQ,  that  is, 

a=  e  — ^ 

Conversely,  if  a  and  0  are  known,  we  have 

t  =  e  —  a 

The  methods  of  finding  0  at  a  given  time  will  be  considered 
hereafter. 

22.  Given  the  zenith  distance  of  a  known  star  at  a  given  place^  te 
find  the  star's  hour  angle,  azimuihy  and  parallactic  angle. 

In  this  case  there  are  given  in  the  triangle  POZy  Fig.  1,  tfie 
three  sides  ZO  =  C>  PO  =  90*^  —  5,  PZ=  90°  —  ^,  to  find 
the  angles  ZPO  =  t,  PZO  =  180*^  —  A,  and  POZ  =q.  The 
formula  for  computing  an  angle  B  of  a  spherical  triangle  ABC, 
whose  sides  are  a,  6,  c,  is  either 

sin  }  B  =  J  /8i"(^"-^)8in(g~c)\ 
\   \  sin  a  sin  c  / 

COS  J  B  =  ^/  /Bi"«""(^-^^)  \ 
\  V       sin  a  sin  c       / 

tan  J  B  =  .  /  (  ^^"  (^  "  ^)  ^^^  (^  -  ^)  ) 
\  \       sin  5  sin  (s  —  b)        I 


or 


in  which  s  =  \  {a  -^  h  +  c).  We  have  then  only  to  suppose  B 
to  represent  one  of  the  angles  of  our  astronomical  triangle,  and 
to  substitute  the  above  corresponding  values  of  the  sides,  to  ob- 
tain the  required  solution. 

This  substitution  will  be  carried  out  hereafter  in  those  cases 
where  the  problem  is  practically  applied. 

23.  Given  the  declination  (8)  and  the  right  ascension  (a)  of  a  star, 
and  the  obUguity  of  the  ecliptic  (e),  to  find  the  latitude  {^)  and  the  longi- 
tude {X)  of  the  star. — Transformation  from  the  third  system  of  co- 
ordinates to  the  fourth. 

The  solution  of  this  problem  is  similar  to  that  of  Art.  10. 
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Fig.  6. 


The  analogy  of  the  two  will  be  more  apparent  if  we  here  repre- 
sent the  sphere  projected  on  the  plane  of 
the  equator  as  in  Fig.  6,  where  VBUC\a 
the  equator,  P  its  pole ;  VA  U  the  ecliptic, 
P'  its  pole,  and  consequently  CP'PB  the 
solstitial  colure;  POJ),  P'Oi,  circles  of 
declination  and  latitude  drawn  through  the 
star  0.  Since  the  angle  which  two  great 
circles  make  with  each  other  is  equal  to 
the  angular  distance  of  their  poles,  we  have 
PP'  =  € ;   and   since   the  angle  P'PO  is 

measured  by  CD  and  PP^O  by  ALj  we  have  in  the  triangle 

PP'O 


rPO,  PP'Oy  P'O, 


PO, 

90^  —  d, 


which,  substituted  respectively  for 

A,  B  a, 

In  the  general  equations  (A),  Art.  10,  give 


*, 


PP' 


Cf 


sin  fi  =  cos  e  sin  d  —  sin  e  cos  d  sin  a 
cos  ^  sin  >l  =  sin  e  sin  ^  -f-  cos  e  cos  d  sin  a 
cos  p  cos  X  =  cos  d  cos  a 


} 


(29) 


which  are  the  required  formulae  of  transformation.    Adapting 
for  logarithmic  computation,  we  have 


m  sin  Jf  =  sin  d 
m  cos  M  =  cos  d  sin  a 
An  fi  =m  sin  (Jf —  c) 
cos  fi  sin  X  =  m  cos  ( Jf  —  e) 
cos  fi  cos  X  =  cos  d  cos  a 


(30) 


In  which  m  is  a  positive  number. 

A  still  more  convenient  form  is  obtained  by  substituting 


k  = 


m 


cos  d 


k'= 


COSi? 


m 


by  which  we  find 
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.For  verification: 


k  Bin  M  =  tan  d 
k  cos  M=Bin  a 
kfsin   X  =  COB  (Jf  —  «) 
k'cos  X  =  cos  M  cot  a 
tan  /5  =  sin  >l  tan  {M  —  e) 

cos  fi  &m  X cos  (M  —  e) 

cos  ^  sin  a  co»  M 


(31) 


Example. — Given  3,  a,  and  e  as  below,  to  find  ^  and  X. 
putation  by  (81). 


Com- 


^  =  — 16°22'35".45 

a  =        6   83  29  .80 

e  =      28    27  31  .72 

log  tan  d  =  log  k  sin  Jkf  n9.4681662 

log  sin  a  =  log  k  cos  Jf     9.0677093 

j[f=_68^45'41".87 

Jf—t==— 92   13  13  .59 

logcosilf    9.5590070 

log  cot  a       0.9394396 

log  J^  cos  i    0.4984466 

logcos(Jlf--c)  =  log  k!  sin  A  n8.5882080 

X  =  359**  17'  43".91 


log  sin  X  n8.0897286 

log  tan  (itf— e)  1.4114658 

log  tan  p  n9.5011944 

/9  =  —  17**  35'  37".51 

Venficaiion. 
log  cos  p  sin  X  n8.q689284 
log  cos  d  sin  a    9.0397224 

log  go«(^-0" 


cos  Jlf 


'n9.0292010 


Tables  for  facilitating  the  above  transformation,  based  upon 
tt  e  same  method  as  that  employed  in  Art.  16,  are  given  in  the 
A  oaerican  Ephemeris*  and  Berlin  Jahrbuch.  The  formulae  there 
Died  may  be  obtained  from  Fig.  6,  in  which  the  points  F  and  G 
are  used  precisely  as  in  Fig.  4  of  Art.  16. 

24.  If  we  denote  the  angle  at  the  star,  or  P'OPy  by  90°  —  E, 
the  solution  of  the  preceding  problem  by  Gauss's  Equations  is 


cos  (45^  —  ifi)  sin  }  (^+ ;i) = sin  [45^  —  J  (« — ^)]  ^^^  C^^""  +  i  «) 
eos(45*'  — J/?)cos}(JS?+A)=cos[45«  — J(»  +  ^)]co8(45«  +  Ja) 
sin  (45°  — j/)8in  J(JS?— >l)=sin  [45°  — Ke  +  ^)]  cos  (45°  +  J  a) 
sin(45°  — J/9)co8K-E^— A)==:C0S[45°  — J(»— (>)]sin(45°  +  Ja) 


K32) 


25.  If  the  angle  at  the  star  is  required  when  the  Gaussian 
Equations  have  not  been  employed,  we  have  from  the  triangle 
POP',  Fig.  6,  putting  P'OP  =  ^  =  90°  —  ^, 
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COS  P  COS  Ti  =  COS  e  COS  ^  -f~  ^^^  '  ^^^  ^  ^^^  ^ 

COS  /9  sin  17  =  sin  e  cos  a 

or,  adapted  for  logarithms, 

n  sin  iV  =  sin  c  sin  a 

«  cos  iV  =  cos  e  . 

cosi9cos7  =  w  cos  (iV— ^)  (      (^^) 

cos  fi  sin  71  z=z  sin  e  cos  a 

26.  (rwcn  /A€  latitude  (fi)  and  longitude  {X)  of  a  star^  and  the 
obliquity  of  the  ecliptic  (e),  to  find  the  declination  and  right  ascension 
of  the  sfjar. 

By  the  process  already  employed,  we  derive  from  the  triangle 
PP'Oy  Fig.  6,  for  this  caae, 


sin  d  ==      cos  e  sin  /9  -f  sin  e  cos  p  sin  X 
cos  ^  sin  a  =  —  sin  c  sin  /9  -f-  cos  e  cos  ^  sin  A         V     (34) 
cos  6  cos  a  =  cos  /9  cos  A 


} 


which,  it  will  be  observed,  may  be  obtained  from  (29)  by  inter- 
changing a  with  A,  and  8  with  ^,  and  at  the  same  time  changing 
the  sign  of  e,  that  is,  putting  --  e  for  e,  and,  consequently,  —  sin  9 
for  sin  e. 
For  logarithmic  computation,  we  have 

m  sin  M=z  sin  fi 

m  cos  M  =  cos  p  sin  k 

B\ii  d  =  m  sin  {M  +  t)  )      (35) 

cos  ^  sin  a  =  m  cos  {M  +  0 
cos  ^  cos  a  =  cos  p  cos  k 

or  the  following,  analogous  to  (31) : 

A-  sin  M  =  tan  ^ 
k  cos  JJf  =  sin  k 
Id  Bm   a  =  cos  (ilf  +  e) 
V  cos  a  =  cos  3f  cot  k 
tan  ^  =  sin  a  tan  (M  +  e) 

^           .^      .          <^08  *  sin  a       cos  (Jlf  -f-  e) 
F<^vmjkabm:  ^^^j^^= cos^ 


(86) 


27.  The  angle  at  the  star,  POP',  being  denoted,  as  in  Art.  24, 
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by  90°  —  Uy  the  solution  of  this  problem  by  the  Gaussian 
Equations  is 

sin  (45^—  }  d)  sin  i(E+a)  =  sin  [45<^—  i(e  +  /?)]  sin  (45<>+  }  X)  \ 
sin  (45^—  }  ^)  cos  J  (J5:  +  a)  =  cos  [45<>—  J  («  —  /^)]  cos  (45<^+  }  ^)  ( 
co8(45<>— i^)sini(^  — «)=8in[45°— K«  — /^)]coB(45°+iA)(  ^  ^ 
cos (45^—  }  ^)  cos  J  (-2^  —  «)  =  cos  [45«—  J  («  +  ^]  sin  (45°+  }  X)  ) 

28.  But  if  the  angle  7  =  90*^  —  J^  is  required  when  the 
GrauBsian  Equations  have  not  been  employed,  we  have  directly 

cos  d  cos  Tj  =  cos  c  cos  fi  —  sin  t  sin  fi  sin  X 
cos  ^  sin  17  =  sin  e  cos  X 

or,  adapted  for  logarithms, 

n  sin  N=z  sin  e  sin  X 

ncosiV=cose  . 

cos  ^  cos  17  =  n  cos  (N  +  fi)  (      C^^) 

cos  ^  sin  17  =  sin  e  cos  X 

29.  jPor  <A^  «/n,  we  may,  except  when  extreme  precision  is 
desired,  put  ^9  =  0,  and  the  preceding  formulae  then  assume  very 
simple  forms.  Thus,  if  in  (34)  we  put  sin  ^  =  0,  cos  j9  =  1,  we 
find 

sin  ^  =  sin  «  sin  X 
cos  d  sin  a  =  cos  e  sin  X 
cos  d  cos  a  =  cos  X 

whence  if  any  two  of  the  four  quantities  d,  a,  jl,  e  are  given,  we 
can  deduce  the  other  two. 
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30.  By  means  of  spherical  co-ordinates  we  have  expressed 
only  a  star's  direction.  To  define  its  position  in  space  com- 
pletely, another  element  is  necessary,  namely,  its  distance.  In 
Spherical  Astronomy  we  consider  this  element  of  distance  only 
so  far  as  may  be  necessary  in  determining  the  changes  of 
apparent  direction  of  a  star  resulting  from  a  change  in  the  point 
from  which  it  is  viewed.  For  this  purpose  the  rectangular  co- 
ordinates of  analytical  geometry  may  be  employed. 

Three  planes  of  reference  are  taken  at  right  angles  to  each 
other,  their  common  intersection,  or  origin,  being  the  point  of 
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observation;  and  the  star's  distances  from  these  planes  are 
denoted  by  Xj  y,  and  z  respectively.  These  co-ordinates  are 
respectively  parallel  to  the  three  axes  (or  mutual  intersections 
of  the  planes,  taken  two  and  two),  and  hence  these  axes  are 
called,  respectively,  the  axis  of  z,  the  axis  of  y,  and  the  axis  of  z. 
The  planes  are  distinguished  by  the  axes  they  contain,  aa  ^^the 
plane  of  xy,"  the  "plane  of  x^,"  the  "plane  of  yz."  The  co- 
ordinates may  be  conceived  to  be  measured  on  the  axes  to 
which  they  belong,  from  the  origin,  in  two  opposite  directions, 
distinguished  by  the  algebraic  signs  of  plus  and  minuSj  so  that 
the  numerical  values  of  the  co-ordinates  of  a  star,  together  with 
their  algebraic  signs,  fully  determine  the  position  of  the  star  in 
space  without  ambiguity. 

Of  the  eight  solid  angles  formed  by  the  planes  of  reference, 
that  in  which  a  star  is  placed  will  always  be  known  by  the  signs 
of  the  three  co-ordinates,  and  in  one  only  of  these  angles  will 
the  three  signs  all  be  plus.  This  angle  is  usually  called  the  Jirst 
angle.  To  simplify  the  investigations  of  a  problem,  we  may,  if 
we  choose,  assume  all  the  points  considered  to  lie  in  the  first 
angle,  and  then  treat  the  equations  obtained  for  this  simplest 
ease  as  entirely  general;  for,  by  the  principles  of  analytical 
geometry,  negative  values  of  the  co-ordinates  which  satisfy  such 
equations  also  satisfy  a  geometrical  construction  in  which  these 
co-ordinates  are  drawn  in  the  negative  direction. 

The  polar  co-ordinates  of  analytical  geometry  (of  three  dimen- 
sions) when  applied  to  astronomy  are  nothing  more  than  the 
spherical  co-ordinates  we  have  already  treated  of,  combined 
with  the  element  distance ;  and  the  formulae  of  transformation 
&om  rectangular  to  polar  co-ordinates  are  nothing  more  than 
the  values  of  the  rectangular  co-ordinates  in  terms  of  the  dis- 
tance and  the  spherical  co-ordinates.  For  the  convenience  of 
reference,  we  shall  here  recapitulate  these  formulae,  with  special 
reference  to  our  several  systems  of  spherical  co-ordinates. 

81.  We  shall  find  it  useful  to  premise  the  following 
Lemma. — The  distance  of  a  point  in  space  from  the  plane  of  any 
great  circle  of  the  celestial  sphere  is  equal  to  its  distance  from  the  centre 
of  the  sphere  mvKipUed  by  the  cosine  of  its  angular  distance  from  the 
pole  of  that  circle;  and  its  distance  from  the  axis  of  the  circU  is  equal  to 
its  distance  from  the  centre  of  the  sphere  multiplied  by  the  sine  of  its 
angular  distance  from  the  pole. 
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For,  let  ABj  Fig.  7,  be  the  given  great  circle  orthographi- 
callj  projected  upon  a  plane  passing  through  its  axis  OP  and 
the  given  point  C;  P  its  pole.  The  dis- 
tance of  the  point  C  from  the  plane  of  the 
great  circle  is  the  perpendicular  CD;  CE 
is  its  distance  from  the  axis;  CO  its  dis- 
tance from  the  centre  of  the  sphere ;  and 
the  angle  COP  the  angular  distance  from 
the  pole.  The  truth  of  the  Lemma  is, 
therefore,  obvious  from  the  figure. 

82.  The  values  of  the  rectangular  co-ordinates  in  our  several 
systems  may  be  found  as  follows : 

I^rsi  system. — Altitude  and  azimuth. — ^Let  the  primitive  plane, 
or  that  of  the  horizon,  be  the  plane  of  xy;  that  of  the  meridian, 
the  plane  of  xz;  that  of  the  prime  vertical,  the  plane  of  yz. 
The  meridian  line  is  then  the  axis  of  x;  the  east  and  west  line, 
the  axis  of  y;  and  the  vertical  line,  the  axis  of  z.  Positive  x 
wiU  be  reckoned  from  the  origin  towards  the  south,  positive  y 
towards  the  west,  and  positive  z  towards  the  zenith.  The  fyst 
angle,  or  angle  of  positive  values,  is  therefore  the  southwest 
quarter  of  the  hemisphere  above  the  plane  of  the  horizon.  Let 
Zj  Fig.  8,  be  the  zenitii,  S  the  south  point,  W  the  Fig. «. 

west  point  of  the  horizon.  These  points  are 
respectively  the  poles  of  the  three  great  circles 
of  reference ;  if,  then,  A  is  the  position  of  a 
star  on  the  surface  of  the  sphere  as  seen  from 
the  centre  of  the  earth,  and  if  we  put 

h  =  altitude  of  the  star  =  AJI3 
A  =  azimuth         "  =  fiff, 

J  =  its  distance  from  the  centre  of  the  sphere 

we  have  immediately,  by  the  preceding  Lemma, 

a;  =  J  cos  AS,         y  =  J  coa  AWp         2:  =  J  cos  AZf 

which,  by  considering  the  right  triangles  AH 8,  AHW,  become 

a;  =  J  cos  A  cos  A 

y  =  J  cos  A  sin  A  V     (39) 


} 


^  =  J  sin  A 
These  equations  determine  the  rectangular  co-ordinates  x^y^z, 
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when  the  polar  co-ordinates  J,  A,  A  are  given.  Conversely,  if 
Xy  y,  and  z  are  given,  we  may  find  J,  A,  and  A;  for  the  first  two 
equations  give 

iAuA  =  ^ 

X 

and  then  we  have 

J  sin  A  =  ^ 

X  V 


J  cos  h  == 


cos  JL         sin  A 

whence  J  and  A.     Or,  by  adding  the  squares  of  the  first  two 
equations,  we  have 

J  cos  A  =:  Vx^  +  y* 
whence 

tan  h  == 


and  the  sum  of  the  squares  of  the  three  equations  gives 

Sec(md  system. — Declination  and  hour  angle. — ^Let  the  plane  of 
the  equator  be  the  plane  of  xy;  that  of  the  meridian,  the  plane 
of  xz;  that  of  the  six  hour  circle,  the  plane  of  yz.  In  the  pre- 
ceding figure,  let  Z  now  denote  the  north  pole,  S  that  point  of 
the  equator  which  is  on  the  meridian  above  the  horizon  and 
from  which  hour  angles  are  reckoned,  Wthe  west  point.  Posi- 
tive X  will  be  reckoned  towards  S,  positive  y  towards  the  west, 
positive  z  towards  the  north.  If  then  A  is  the  place  of  a  star  on 
the  sphere  as  seen  from  the  centre,  and  we  put 

d  =  the  star's  declination  =  AH, 
t  =  "  hour  angle  =  SH, 
J  =         "        distance  from  the  centre, 


and  denote  the  rectangular  co-ordinates  in  this  case  by  ar',  y',  ^', 

we  have. 

x'  =  A  cos  d  cos  t 

y'  =  J  cos  ^  sin  t  V      (40) 

y  =  J  sin  ^ 


} 


Third  system. — Declination  and  right  ascension. — ^Let  the  plane 
of  the  equator  be  the  plane  of  xy;  that  of  the  equinoctial  colure, 
the  plane  of  xz;  that  of  the  solstitial  colure,  the  plane  of  yz. 
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The  axis  of  x  is  the  intersection  of  the  planes  of  the  equator 
and  equinoctial  colure,  positive  towards  the  vernal  equinox ;  the 
axis  of  y  is  the  intersection  of  the  planes  of  the  equator  and  sol- 
stitial colure,  positive  towards  that  point  whose  right  ascension 
is  +90® ;  and  the  axis  of  z  is  the  axis  of  the  equator,  positive 
towards  the  north.  K  then,  in  Fig.  8,  Z  is  the  north  pole,  W 
the  vernal  equinox,  A  a  star  in  the  first  angle,  projected  upon 
the  celestial  sphere,  and  we  put 

d  =  declination  of  the  star  =  AS, 
a  =  right  ascension  "  =  WH, 
A  =  distance  from  the  centre, 

while  x",  y",  z"  denote  the  rectangular  co-ordinates,  we  have 

sif'=  J  cos  AW,        y"=  A  cos  AS,       sf'=  A  cos  AZ. 

which  become 

a/'  =  J  cos  9  cos  a 

y'':=zA  cos  ^  sin  a  ^      (41) 

r"  =  J  sin  ^ 


} 


Fourth  system. — Celestial  latitude  and  longitude. — ^Let  the  plane 
of  the  ecliptic  be  the  plane  of  xy ;  the  plane  of  the  circle  of 
latitude  passing  through  the  equinoctial  points,  the  plane  of  xz; 
the  plane  of  the  circle  of  latitude  passing  through  the  solstitial 
points,  the  plane  of  yz.  The  positive  axis  of  x  is  here  also  the 
straight  line  from  the  centre  towards  the  vernal  equinox ;  the 
positive  axis  of  y  is  the  straight  line  from  the  centre  towards  the 
north  solstitial  point,  or  that  whose  longitude  is  +90° ;  and  the 
positive  axis  of  z  is  the  straight  line  from  the  centre  towards 
the  north  pole  of  the  ecliptic. 

If  then,  in  Pig.  8,  Z  now  denotes  the  north  pole  of  the  ecliptic, 
W  the  vernal  equinox,  A  the  star's  place  on  the  sphere,  and 
we  put 

fi  =  latitude  of  the  star    =  AH, 

I  =  longitude  of  the  star  =  TFjff, 

J  =  distance  of  the  star  from  the  centre, 


and  x'",  y ,  z'"y  denote  the  rectangular  co-ordinates  for  this 
system,  we  have 

Xf"  =  J  cos  /9  COB  X  \ 

y"'  =  J  cos  /9  sin  X  V      (42) 

2"'  =  J  sin  /9  J 
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TRANSFORMATION  OF  RECTANGULAR  CO-ORDINATES. 

88.  For  the  purposes  of  Spherical  Astronomy,  only  the  most 
simple  cases  of  the  general  transformations  treated  of  in  analy- 
tical geometry  are  necessary.    We  mostly  consider  but  two  cases : 

I^st  Transformation  of  rectangular  co-ordinates  to  a  new  originj 
without  changing  the  system  of  spherical  co-ordinates. 

The  general  planes  of  reference  which  have  been  used  in  this 
chapter  may  be  supposed  to  be  drawn  through  any  point  in  space 
without  changing  their  directions,  and  therefore  without  changing 
the  great  circles  of  the  infinite  celestial  sphere  which  repre- 
sent  them.  We  thus  repeat  the  same  system  of  spherical  co-ordi- 
nates with  various  ori^ns  and  difterent  systems  of  rectangular 
co-ordinates,  the  planes  of  reference,  however,  remaining  always 
parallel  to  the  planes  of  the  primitive  system. 

The  transformation  from  one  system  of  rectangular  co-orrli- 
nates  to  a  parallel  system  is  evidently  efiected  by  the  formulsa 


x^=x,-\-a 

yi  =  y.  +  *  }-    (48) 

z^=z,  +  c 


} 


in  which  x^^  yi,  ^^  are  the  co-ordinates  of  a  point  in  the  primitive 
system ;  x^,  y^  z^  the  co-ordinates  of  the  same  point  in  the  new 
system ;  and  a,  6,  c  are  the  co-ordinates  of  the  new  origin  taken 
in  the  first  system. 

As  we  have  shown  how  to  express  the  values  of  ar^,  y^,  z^  and 
of  x^  y^  z^  in  terms  of  the  spherical  co-ordinates,  we  have  only 
to  substitute  these  values  in  the  preceding  formulae  to  obtain  the 
general  relations  between  the  spherical  co-ordinates  correspond- 
ing to  the  two  origins.  This  is,  indeed,  the  most  general  method 
of  determining  the  effect  of  parallax^  as  will  appear  hereafter. 

Second.  TVansformation  of  rectangular  co- 
ordinates taken  the  system  of  spherical  co-ordi- 
nates is  changed  but  the  origin  is  unchanged. 
This  amounts  to  changing  the  directions  of 
the  axes.  The  cases  which  occur  in  practice 
are  chiefly  those  in  which  the  two  systems 
have  one  plane  in  common.  Suppose  this 
plane  is  that  of  xz,  and  let  0-^,  OZ^  Pig.  9,  be 
the  axes  of  x  and  z  in  the  first  system;  OXj, 


RECTANQULAB  CO-ORDINATES.  49 

OZj,  the  axes  of  x^  and  z^  in  the  new  system.  Let  A  be  the 
projection  of  a  point  in  space  upon  the  common  plane;  and 
let  X  =  AB,  z  =  OB,  x^  =  AB^,  z^  =0B^.  The  distance  of  thd 
point  from  the  common  plane  being  unchanged,  we  have 

y=yv 

The  axis  of  y  may  be  regarded  aa  an  axis  of  revolution  about 
which  the  planes  of  yx  and  yz  revolve  in  passing  from  the  first  to 
the  second  system ;  and  if  u  denotes  the  angular  measure  of  this 
revolution,  or  w  =  XOX^  =  ZOZ^  =  BAB^,  we  readily  derive 
from  the  figure  the  equation 

irsectt  =  Xi  —  ^jtantf 

or,  multiplying  by  cos  w, 

and 

z=zx  tan  U'\'Z^  sec  u 

or,  substituting  in  this  the  preceding  value  of  Xj 

jgr  =Xj  sin  u  +  ^i  cos  u 

Thus,  to  pass  from  the  first  to  the  second  system,  we  have  the 
formulsB 


y  =  yi  I    (44) 

^  =  Xj  Bin  u  +  z^  cos  u 


} 


And  to  pass  from  the  second  to  the  first,  we  obtain  with  the  same 

ease, 

aTj  =     X  cos  tf  -|-  2:  sin  u 

yi=     y  ^    (45) 

Zj  =  —  a:  sin  u  +  ^cos  u 


} 


As  an  example,  let  us  apply  these  to  transforming  from  our 
second  system  of  spherical  co-ordinates  to  the  first ;  that  is,  from 
declination  and  hour  angle  to  altitude  and  azimuth.  The  meri- 
dian is  the  common  plane ;  the  axis  of  z  in  the  system  of  declina- 
tion and  hour  angle  is  the  axis  of  the  equator,  and  the  axis  of  z^ 
in  the  system  of  altitude  and  azimuth  is  the  vertical  line ;  the 
angle  between  these  axes  is  the  complement  of  the  latitude,  or 
u  =  90^  —  ip.  Substituting  this  value  of  u  in  (44),  and  also  the 
values  of  a:,  y,  z,  Xy,  y^,  ^^,  given  by  (39)  and  (40),  we  have,  after 
omitting  the  common  factor  J, 

VOL.L— 4 
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008  h  COB  ^  =  sin  f  COB  d  COB  t  —  COB  (p  sin  d 
COB  A  sin  A  =  COB  d  sin  t 

Bin  A  =  C0B  f>  COB  ^  COB  ^  +  Bin  ^  sin  d 

which  agree  with  (14).  We  see  that  when  the  element  of  dis- 
tance is  left  out  of  view  (as  it  must  necessarily  he  when  the 
origin  is  not  changed),  the  transformation  by  means  of  rectangu- 
lar co-ordinates  leads  to  the  same  forms  as  the  direct  application 
of  Spherical  Trigonometry.  With  regard  to  the  entire  generality 
of  these  formulae  in  their  application  to  angles  of  all  possible 
magnitudes,  see  Sph.  Trig.  Chap.  IV. 


DIFFERENTIAL  VARIATIONS   OF   CO-ORDINATES. 

34.  It  is  often  necessary  in  practical  astronomy  to  determine 
what  effect  given  variations  of  the  data  will  produce  in  the  quan- 
tities computed  from  them.  Where  the  formulae  of  computa- 
tion are  derived  directly  from  a  spherical  triangle,  we  can  employ 
for  this  purpose  the  equations  of  finite  differences  [Sph.  Trig. 
Chap.  VI.]  if  we  wish  to  obtain  rigorously  exact  relations,  or 
the  simpler  differential  equations  if  the  variations  considered 
are  extremely  small.  As  the  latter  case  is  very  frequent,  I  shall 
deduce  here  the  most  useful  differential  formulre,  assuming  as 
well  known  the  fundamental  ones  [Sph.  Trig.  Art..  153], 

da  —  COB  Gdh  —  cos  'Rdc  =  sin  h  sin  C  dK 
—  cos  G  da  •\-  db  —  cob  Adc  =  sin  c  sin  AdB  ^     (46) 

— tjos  Bda  —  cos  Adb  -^  dc  =  sin  a  sin  B  dG 


1 


}(47) 


I^rom  these  we  obtain  the  following  by  eliminating  da: 

sin  G  dh  —  cos  a  sin  'Rdc  =  Bin  h  cos  G  dA-\-  sin  a  dB 
--  cos  a  sin  Gdb  -{-  sin  B  dc  =  sin  c  cob  B  (f  A  +  sin  a  dG 

and  by  eliminating  dh  from  these: 

Bin  a  Bin  B  (ic  =  cos  6  <iA  +  cob  a  dB  +  cfC  (48) 

If  we  eliminate  dA  from  (47),  we  find 

COB  b  sin  Gdb  —  cos  C  sin  B  (ic  =  sin  c  cos  B  dB  —  sin  b  cos  C  dG 

the  terms  of  wliicli  being  divided  either  by  sin  6  sin  C,  or  by  its 
equivalent  sin  c  sin  B,  we  obtain 

cot  6  d6  —  cot  cdc  =  cot  B  dB  —  cot  C  dG  (49) 
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35.  As  an  example,  take  the  spherical  triangle  formed  by  the 
zenith,  the  pole,  and  a  star,  Art  10,  and  put 

A  =  180*»  —  A  a  =  90*»  —  ^ 

C  =  y  c  =  90*»  —  sp 

then  the  first  equations  of  (46)  and  (47)  give 

{f^  =  —  cos  qdl  '\-  sin  q  sin  ti  dA  -\-  cos  t  dtp   ^     ^^qn 

cos  d  dt  =       sin  q  dZ  +  cos  q  sin  Z  dA  +  sin  S  sint  d^   ) 

which  determine  the  errors  dd  and  dt  in  the  values  of  8  and  t 
computed  according  to  the  formulae  (4),  (5),  and  (6),  when  ^,  A, 
and  f  are  affected  by  the  small  errors  rf^,  dA,  and  df  respectively. 
In  a  similar  manner  we  obtain 

eiC  =  —  cos  q  dd  '-\'  mn  q  cos  S  dt  +  cos  Ad^  1     ,g|x 

sin  C  ^^  =       sin  q  dd  +  cos  ^r  cos  d  dt  —  cos  ZsinAd^   ) 

which  determine  the  errors  rfj  and  dA  in  the  values  of  f  aoid  -4 
computed  by  (14),  when  5,  /,  and  y>  are  affected  by  the  small 
errors  d8y  dt,  and  dtp  respectively. 

86.  As  a  second  example,  take  the  triangle  formed  by  the  pole 
of  the  equator,  the  pole  of  the  ecliptic,  and  a  star,  Art  28.  De- 
noting the  angle  at  the  star  by  7,  we  find 

dfi  =  cos  yj  dS  —  sin  ly  cos  d  da  —  sin  X  ds        1     ^goN 

cos  p  dX  z=  Bin  tj  dd  -{-  cos  19  cos  d  da  -{-  sin  fi  cos  X  d€       J 

and  reciprocally, 

dd  =       cos  7j  dfi  -{-  sin  ly  cos  /9  (f >l  +  sin  ade   1    ^-g. 

CO6  d  da  =  —  Eimj  dp  +  cos  ly  cos  fi  dX  —  sin  d  cos  ads   ) 
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CHAPTER  IL 

TIME — USE  OF  THE  EPHEMERIS — INTERPOLATION — STAR 
CATALOGUES. 

37.  Transit. — The  instant  when  any  point  of  the  celestial 
sphere  is  on  the  meridian  of  an  observer  is  designated  as  the 
transit  of  that  point  over  the  meridian ;  also  the  meridian  passage^ 
and  culmination.  In  one  complete  revolution  of  the  sphere 
about  its  axis,  every  point  of  it  is  twice  on  the  meridian,  at 
points  which  are  180®  distant  in  right  ascension.  It  is  therefore 
necessary  to  distinguish  between  the  two  transits.  The  meri- 
dian is  bisected  at  the  poles  of  the  equator:  the  transit  over  that 
half  of  the  meridian  which  contains  the  observer's  zenith  is  the 
upper  transit,  or  culmination ;  that  over  the  half  of  the  meri- 
dian which  contains  the  nadir  is  the  lower  transit,  or  culmina- 
tion. At  the  upper  transit  of  a  point  its  hour  angle  is  zero,  or 
0* ;  at  the  lower  transit,  its  hour  angle  is  12*. 

88.  The  motion  of  the  earth  about  its  axis  is  perfectly  uni- 
form. K,  then,  the  axis  of  the  earth  preserved  precisely  the 
same  direction  in  space,  the  apparent  diurnal  motion  of  the 
celestial  sphere  would  also  be  perfectly  uniform,  and  the  inter- 
vals between  the  successive  transits  of  any  assumed  point  of  the 
sphere  would  be  perfectly  equal.  The  effect  of  changes  in  the 
position  of  the  earth's  axis  upon  the  transit  of  stars  is  most  per- 
ceptible in  the  case  of  stars  near  the  vanishing  points  of  the 
axis,  that  is,  near  the  poles  of  the  heavens.  We  obtain  a  measure 
of  time  sensibly  uniform  by  employing  the  successive  transits  of 
a  point  of  the  equator.  The  point  most  naturally  indicated  is 
the  vernal  equinox  (also  called  the  First  point  of  Aries,  and  de- 
noted by  the  symbol  for  Aries,  T). 

39.  A  sidereal  day  is  the  interval  of  time  between  two  succes- 
sive (upper)  transits  of  the  true  vernal  equinox  over  the  same 
meridian. 

The  effect  of  precession  and  nutation  upon  the  time  of  transit 
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of  the  vernal  equinox  ia  so  nearly  the  same  at  two  successive 
transits,  that  sidereal  days  thus  defined  are  sensibly  equal.  (See 
Chapter  XI.  Art  411.) 

The  sidereal  time  at  any  instant  is  the  hour  angle  of  the  vernal 
equinox  at  that  instant,  reckoned  from  the  meridian  westward 
from  0*  to  24\ 

When  ^  is  on  the  meridian,  the  sidereal  time  is  0*  0*  0* ;  and 
this  instant  is  sometimes  called  sidereal  noon, 

40.  A  solar  day  is  the  interval  of  time  between  two  successive 
upper  transits  of  the  sun  over  the  same  meridian. 

The  solar  time  at  any  instant  is  the  hour  angle  of  the  sun  at 
that  instant 

In  consequence  of  the  earth's  motion  about  the  sun  from  west 
to  east,  the  sun  appears  to  have  a  like  motion  among  the  stars, 
or  to  be  constantly  increasing  its  right  ascension ;  and  hence  a 
solar  day  is  longer  than  a  sidereal  day. 

41.  Apparent  and  mean  solar  time. — ^If  the  sun  changed  its  right 
ascension  uniformly,  solar  days,  though  not  equal  to  sidereal  days, 
would  still  be  equal  to  each  other.  But  the  sun's  motion  in  right 
ascension  is  not  uniform,  and  this  for  two  reasons : 

1st.  The  sun  does  not  move  in  the  equator,  but  in  the  ecliptic, 
so  that,  even  were  the  sun's  motion  in  the  ecliptic  uniform,  its 
equal  changes  of  longitude  would  not  produce  equal  changes  of 
right  ascension ;  2d.  The  sun's  motion  in  the  ecliptic  is  not  uni- 
form. 

To  obtam  a  uniform  measure  of  time  depending  on  the  sun's 
motion,  the  following  method  is  adopted.  A  fictitious  sun,  which 
we  shall  call  ihe  first  mean  sun^  is  supposed  to  move  uniformly  at 
such  a  rate  as  to  return  to  the  perigee  at  the  same  time  with  the 
true  sun.  Another  fictitious  sun,  which  we  shall  call  the  secoTid 
mean  sun  (and  which  is  often  called  simply  the  mean  sun),  is  sup- 
posed to  move  uniformly  in  the  equator  at  the  same  rate  as  the 
first  mean  sun  in  the  ecliptic,  and  to  return  to  the  vernal  equinox 
at  the  same  time  with  it  Then  the  time  denoted  by  this  second 
mean  sun  is  perfectly  uniform  in  its  increase,  andis  csiWedmeantime. 

The  time  which  is  denoted  by  the  true  sun  is  called  the  true 
or,  more  commonly,  the  apparent  tim£. 

The  instant  of  transit  of  the  true  sun  is  called  apparent  noon^  and 
the  instant  of  transit  of  the  second  mean  sun  is  called  mean  noon. 
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The  equation  of  time  is  the  difference  between  apparent  arid 
mean  time ;  or,  in  other  words,  it  is  the  difference  between  the 
hour  angles  of  the  true  sun  and  the  second  mean  sun.  The 
greatest  difference  is  about  16"* 

The  equation  of  time  is  also  the  difference  between  the  right 
ascensions  of  the  true  sun  and  the  second  mean  sun.  The  right 
ascension  of  the  second  mean  sun  is,  according  to  the  preceding 
definitions,  equal  to  the  longitude  of  the  first  mean  sun,  or,  as  it 
is  commonly  called,  the  sun*s  mean  longitude.  To  compute  the 
equation  of  time,  therefore,  we  must  know  how  to  find  the  longi- 
tude of  the  first  mean  sun ;  and  this  is  deduced  from  a  knowledge 
of  the  true  sun's  apparent  motion  in  the  ecliptic,  which  belongs 
to  Physical  Astronomy.  Here  it  suflices  us  that  its  value  is 
given  for  each  day  of  the  year  in  the  Ephemeris,  or  Nautical 
Almanac. 

42.  Astronomical  time. — The  solar  day  (apparent  or  mean)  is 
conceived  by  astronomers  to  commence  at  noon  (apparent  or 
mean),  and  is  divided  into  twenty-four  hours,  numbered  succes- 
sively from  0  to  24. 

Astronomical  time  (apparent  or  mean)  is,  then,  the  hour  angle 
of  the  sun  (apparent  or  mean),  reckoned  on  the  equator  west- 
ward throughout  its  entire  circumference  from  0*  to  24*. 

43.  CXvil  time. — ^For  the  common  purposes  of  life,  it  is  more 
convenient  to  begin  the  day  at  midnight,  that  is,  when  the  sun 
is  on  the  meridian  at  its  lower  transit 

The  civil  day  is  divided  into  two  periods  of  twelve  hours  each, 
namely,  from  midnight  to  noon,  marked  A.M.  (Ante  Meridiem), 
and  from  noon  to  midnight,  marked  P.M.  (Post  Meridiem) 

44.  To  convert  civU  into  astronomical  time. — The  civil  day  begins 
12*  before  the  astronomical  day  of  the  same  date.  This  remark 
is  the  only  precept  that  need  be  given  for  the  conversion  of  one 
of  these  kinds  of  time  into  the  other. 

Examples. 

Ast.  T.  May  10, 15»==Civ.  T.  May  11,  3*  A.M. 
Ast.  T.  Jan.  3,  7*=  Civ.  T.  Jan.  8,  7*  P.M. 
Ast.  T.  Aug.  31, 20»  =  Civ.  T.  Sept.    1,  8*  A.M. 
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45.  Time  at  different  meridians. — The  hour  angle  of  the  sun  at 
any  meridian  is  called  the  local  (solar)  time  at  that  meridian. 

The  hour  angle  of  the  sun  at  the  Greenwich  meridian  at  the 
same  instant  is  the  corresponding  Greenwich  time.  This  time  wq 
shall  have  constant  occasion  to  use,  both  because  longitude* 
in  this  country  and  England  are  reckoned  from  the  Greenwich 
meridian,  and  because  the  American  and  British  Nautical 
Almanacs  are  computed  for  Greenwich  time.* 

The  difference  between  the  local  time  at  any  meridian  and  the 
Greenwich  time  is  equal  to  the  longitude  of  that  meridian  from 
Greenwich,  expressed  in  time,  observing  that  1*  =  15°. 

The  difference  between  the  local  times  of  any  two 
meridians  is  equal  to  the  difference  of  longitude  of 
those  meridians. 

In  comparing  the  corresponding  times  at  two  dif- 
ferent meridians,  the  most  easterly  meridian  may  be 
distinguished  as  that  at  which  the  time  is  greatest; 
that  is,  latest. 

If  then  PM,  Fig.  10,  is  any  meridian  (referred  to  the  celestial 
sphere),  PG  the  Greenwich  meridian,  PS  the  declination  circle 
through  the  sun,  and  if  we  put 

T^  =  the  Greenwich  time  =  GPS, 

T  =  the  local  time  =  MPSj 

L  =  the  west  longitude  of  the  meridian  PM  =  GPMj 


we  have 


L^T^^T 


0 


2;=r  +  i 


}   (W) 


If  the  given  meridian  were  east  of  Greenwich,  as  PM\  we 
should  have  its  east  longitude  =  T—  T^\  but  we  prefer  to  use 
the  general  formula  L=T^ —  T  m  all  cases,  observing  that  east 
longitudes  are  to  be  regarded  as  negative. 

In  the  formula  (54),  T^  and  T  are  supposed  to  be  reckoned 
always  westward  from  their  respective  meridians,  and  from  0*  to 
24*;  that  is,  T^  and  Tare  the  astronomical  tim^s,  which  should,  of 
course,  be  used  in  all  astronomical  computations. 

As  in  almost  every  computation  of  practical  astronomy  we  are 
dependent  for  some  of  the  data  upon  the  ephemeris, — ^and  these 

*  Whftt  we  ha^e  to  say  respecting  the  Greenwich  time  is,  howeyer,  equally  appli- 
cable to  the  time  at  any  other  meridian  for  which  the  ephemeris  may  be  computed. 
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are  commonly  given  for  Greenwich, — ^it  is  generally  the  first  step 
in  such  a  computation  to  deduce  an  exact  or,  at  least,  an  ap- 
proximate value  of  the  Greenwich  astronomical  time.  It  need 
hardly  be  added  that  the  Greenwich  time  should  never  be  other- 
wise expressed  than  astronomically.* 

Examples. 

1.  In  Longitude  76^  82'  W.  the  local  time  is  1856  April  1, 
9*  8-*  lO*  A.M. ;  what  is  the  Greenwich  time  ? 

Local  Ast.  T.  March  81,   21»    8"    lO- 
Longitude  -|_     5     6        g 

Greenwich  T.  April  1,     2     9      18 

2.  In  Long.  105°  15'  E.  the  local  time  is  August  21, 4*  8*  P.M ; 
what  is  the  Greenwich  time  ? 

Local  Ast.  T.  Aug.  21,     4*    8- 
Longitude  —      7      1 

Greenwich  T.  Aug.  20,   21      2 

8.  Long.  175°  80'  W.  Loc.  T.  Sept.  80,  8*  10-*  A.M.  =  G.  T. 
Sept.  80,  7*  52-. 

4.  Long.  165°  0'  E.  Loc.  T.  Feb.  1,  7*  11*  P.M.  =  G.  T.  Jan. 
81,  20*  11*. 

5.  Long.  64°  80'  E.  Loc.  T.  June  1,  0*  M.  (Noon)  =  G.  M.  T. 
May  81, 19^  42'«. 

46.  In  nautical  practice  the  observer  is  provided  with  a  chro- 
nometer  which  is  regulated  to  Greenwich  time,  before  sailing, 
at  a  place  whose  longitude  is  well  known.  Its  error  on  Green- 
wich time  is  carefully  determined,  as  well  as  its  daily  gain  or 
loss,  that  is,  its  raie^  so  that  at  any  subsequent  time  the  Green- 
wich time  may  be  known  from  the  indication  of  the  chronometer 
corrected  for  its  error  and  the  accumulated  rate  since  the  date 
of  sailing.  As,  however,  the  chronometer  has  usually  only  12* 
marked  on  the  dial,  it  is  necessary  to  distinguish  whether  it 
indicates  A.M.  or  P.M.  at  Greenwich.  This  is  always  readily 
done  by  means  of  the  observer's  approximate  longitude  and  local 

*  On  this  account,  chronometers  intended  for  nautical  and  astronomical  purposes 
should  always  be  marked  from  0*  to  24*,  instead  of  from  0*  to  12*  as  is  now  usual. 
It  is  surprising  that  naTigators  haTC  not  insisted  upon  this  point. 
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time.    As  this  is  a  daily  operation  at  sea,  it  may  be  well  to  illus- 
trate it  by  a  few  examples. 

1.  In  the  approximate  longitude  6*  W.  about  8*  P.M.  on  Au- 
gust 3,  the  Greenwich  Chronometer  marks  8*  11*  7',  and  is  fast 
on  G.  T.  6*  lO* ;  what  is  the  Greenwich  astronomical  time  ? 

Approx.  Local  T.  Aug.  3,  3*        Gr.  Chronom.  8*  11-   V 

"        Longitude,      +  5         Correction,  —    6    10 

Approx.  G.  T.  Aug.  3,       8         Gr.  Aet.  T.  Aug.  8,  8     4    57 

2.  Jn  Long.  10*  E.  about  1*  A.M.  on  Dec.  7,  the  Greenwich 
Chronometer  marks  8*  14-*  18'.6,  and  is  fiast  26"  18'.7 ;  what  is 
theG.  T.? 

Approx.  Local  T.  Dec.  6,  13*  Gr.  Chronom.      3*  14-  13*.5 

'*       Long.  —-10  Correction,         —-25    18.7 

Approx.  G.  T.  Dec.  6,  3  G.  A.  T.  Dec.  6,  2  48    54. 8 

8.  In  Long.  9*  12"  W.  about  2*  A.M.  on  Feb.  13,  the  Gr.  Chron. 
marks  10*  27*  18'.8,  and  is  slow  80-  80'.8 ;  what  is  the  G.  T.? 

Approx.  Local  T.  Feb.  12, 14*        Gr.  Chronom.       10*  37-  13*.3 

*<       Long.  -f9         Correction,  +    80    30.3 

Approx.  G  T.  Feb.  12,       23         G  A.  T.  Feb.  12,  23     7    4&-6 

The  computation  of  the  approximate  Greenwich  time  may,  of 
course,  be  performed  mentally. 

47.  The  formula  (54),  i=  ?;—  T,  is  true  not  only  when  7; 
and  T  are  solar  times,  but  also  when  they  are  any  kinds  of  time 
whatever,  or,  in  general,  when  T^  and  T  express  the  hour  angles 
of  any  point  whatever  of  the  sphere  at  the  two  meridians  whose 
difference  of  longitude  is  L.  This  is  evident  jfrom  Fig.  10,  where 
S  may  be  any  point  of  the  sphere. 

48.  To  convert  the  apparent  time  at  a  given  meridian  into  the  mean 
time,  or  the  mean  into  the  apparent  time. 

If  M  =z  the  mean  time, 

A  =  the  corresponding  apparent  time, 
E  =  the  equation  of  time, 
we  have 

M=A  +  E 
or  A  =M'-'E 
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in  which  -&  is  to  be  regarded  as  a  positive  quantity  when  it  is 
additive  to  apparent  time.  The  value  of  £  is  to  be  taken  from  the 
Nautical  Almanac  for  the  Greenwich  instant  corresponding  to 
the  given  local  time.  If  apparent  time  is  given,  find  the  Gr. 
apparent  time  and  take  E  from  page  I  of  the  month  in  the 
Nautical  Almanac;  if  mean  time  is  given,  find  the  Gr.  mean 
time  and  take  U  from  page  11  of  the  month. 

Example  1.— In  longitude  60°  W.,  1856  May  24,  3*  12"  10* 
P.M.,  apparent  time ;  what  is  the  mean  time  ? 
We  have  first 

Local  time  May  21,        3*  12"  10* 

Longitude,  4     0      0 

Gr.  app.  time  May  24,    7   12    10 

We  must,  therefore,  find  E  for  the  Gr.  time,  May  24,  7*  12* 
10*,  or  7\21.  By  the  Nautical  Almanac  for  1856,  we  have  ^at 
apparent  Greenwich  noon  May  24  =  —  3"*  25'.43,  and  the  hourly 
difference  +  0^.224.     Hence  at  the  given  time 

JS^  =  —  3-  25'.43  +  0'.224  X  7.21  =  —  3*  23-.81 

and  the  required  mean  time  is 

u¥=  3*  12"  10*  —  3"  23-.81  =  3*  8"  46M9. 

Example  2.— In  longitude  60°  W.,  1856  May  24,  3*  8*  46M9 
mean  time ;  what  is  the  apparent  time  ? 

Gr.  mean  time,  May  24,  7*  8"  46'.19  (=  7M5) 

JB  at  mean  noon  May  24  =  —    3"  25*.41    Hourly  diff.  =  0'.224 

Correction  for  7M5         =        +    1 .60  7.15 

1.60 
and  hence 


E  =  — 

3     23.81 

Jf=8» 

8-  46M9 

-E  =  + 

3    23.81 

^=3    12    10.00 

As  the  equation  of  time  is  not  a  uniformly  varying  quantity,  it 
is  not  quite  accurate  to  compute  its  correction  as  above,  by  mul- 
tiplying the  given  hourly  diflference  by  the  number  of  hours  in 
the  Greenwich  time,  for  that  process  assumes  that  this  hourly 
difference  is  the  same  for  each  hour.  The  variations  in  the 
hourly  difference  are,  however,  so  small  that  it  is  only  when 
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extreme  precision  is  required  that  recourse  must  be  had  to  the 
more  exact  method  of  iutei'polation  which  will  be  given  here- 
after. 

49.  Tb  determine  the  relative  length  of  the  solar  and  sidereal  units 
of  time. 

According  to  Bessbl,  the  length  of  the  tropical  year  (which  is 
the  interval  between  two  successive  passages  of  the  sun  through 
the  mean  venial  equinox)  is  365.24222  mean  solar  days;*  and 
since  in  this  time  the  mean  sun  has  described  the  whole  arc  of 
the  equator  included  between  the  two  positions  of  the  equinox, 
it  has  made  one  transit  less  over  any  given  meridian  than  the 
vernal  equinox ;  so  that  we  have 

366.24222  sidereal  days  =  365.24222  mean  solar  days 

whence  we  deduce 

365.24222 

1  Bid.  day  =  sol.  day  =  0.99726957  sol.  day 

^       366.24222      ^  ^ 

or 

24»  Bid.  time  =  23*  56-  4*.091  solar  time 
Also, 

€iCtR  2  1999 

1  Bol.  day  =  Bid.  day  =  1.00273791  sid.  day 

^       365.24222  ^  ^ 

or 

24»  Bol.  time  ==  24»  3-  56*.555  sid.  time 

If  we  put 

366  24222 
^  oK,K,.L^^^^  ^  1.00273791 

365.24222 

and  denote  by  /  an  interval  of  mean  solar  time,  by  J'  the  equiva- 
lent interval  of  sidereal  time,  we  always  have 

r=fiI  =  I+(ji^l)I  =7+ .00273791  7        ^ 

7  =  ^'  =  7' — (1  —  -)7'  =  7'  —  .00273043  F        }      (^^) 

Tables  are  given  in  the  Nautical  Almanacs  to  save  the  labor  of 
computing  these  equations.  In  some  of  these  tables,  for  each 
solar  interval  I  there  is  given  the  equivalent  sidereal  interval 
/'  =  fil^  and  reciprocally :  in  others  there  are  given  the  correc- 
tion to  be  added  to  7  to  find  7'  {ie,  the  correction  .00273791  7), 

*  The  length  of  the  tropical  year  ia  not  absolutely  constant.     The  valae  given  in 
the  text  is  for  the  year  1800.     Its  decrease  in  100  years  is  about  O'.e  (Art.  407). 
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and  the  correction  to  be  subtracted  from  P  to  find  I  {Le.  the 
correction  .00273043  I').  The  latter  form  is  the  most  conve- 
nient, and  is  adopted  in  the  American  Ephemeris.  The  correction 
(//  —  1)  J  is  frequently  called  the  acceleration  of  the  fixed  stars  (re- 
latively to  the  sun).     The  daily  acceleration  is  8"  66'.665. 

50.  To  convert  the  mean  solar  time  at  a  given  meridian  inio  the 
corresponding  sidereal  time. 

In  Fig.  1,  page  25,  if  PQ  is  the  given  meridian,  VQ  the  equator, 
jD  the  mean  sun,  Vthe  vernal  equinox,  and  if  we  put 

T=DQ=^  the  mean  solar  time, 
0  =  VQ  =  the  sidereal  time, 

=  the  right  ascension  of  the  meridian, 
V=  the  right  ascension  of  the  mean  sun^ 


we  have 


e=T+V  (56) 


The  right  ascension  of  the  mean  sun,  or  V,  is  given  in  the 
American  Ephemeris,  on  page  II  of  the  month,  for  each  Green- 
wich mean  noon.  It  is,  however,  there  called  the  "Sidereal 
Time,"  because  at  mean  noon  the  second  mean  sun  is  on  the 
meridian,  and  its  right  ascension  is  also  the  right  ascension  of 
the  meridian,  or  the  sidereal  time.  But  this  quantity  V  is  uni- 
formly increasing*  at  the  rate  of  3*  56'.555  in  24  mean  solar 
hours,  or  of  9'.8565  in  one  mean  hour.  To  find  its  value  at  the 
given  time  T^  we  may  first  find  the  Greenmch  mean  time  T^  by 
applying  the  longitude ;  then,  if  we  put 

Fq  =  the  value  of  Fat  Gr.  moan  noon, 

=  the  ''  sidereal  time"  in  the  ephemeris  for  the  given  date, 

we  have 

F=Fo4.9'.8566x2; 

in  which  T^  must  be  expressed  in  hours  and  decimal  parts.  It 
is  easily  seen  that  9*.8565  is  the  acceleration  of  sidereal  time  on 
solar  time  in  one  solar  hour,  and  therefore  the  term  9*.8565  X  T^ 
is  the  correction  to  add  to  T^  to  reduce  it  from  a  solar  to  a  side- 
real interval.     This  term  is  identical  with  {jx  —  1)  T^  as  given  by 

*  The  sidereal  time  at  mean  noon  is  equal  to  the  true  R.A.  of  the  mean  sun,  or  it 
is  the  R.A.  of  the  mean  sun  referred  to  the  true  equinox,  and  therefore  iuTolTes  the 
nutation,  so  that  its  rate  of  inorease  is  not,  strictly,  uniform.  But  it  is  sufficiently  so 
for  24  hours  to  be  so  regarded  in  all  practical  computations.    See  Chapter  XI. 


ZIMB.  61 

the  preceding  article,  if  T^  in  the  latter  expression  is  expressed 
in  seconds,  since  wc  have 

9*.8565      ^  «^«^„^^^ 
— — --  =  0.00273791  =  fi  —  l 
3600* 

We  may  then  write  (56)  in  the  following  form,  putting  L  =  the 
west  longitude  of  the  given  meridian,  and  T^=  r+  i: 

e=r+FoH-(M-i)(r+i)  (57) 

The  term  (^  —  1)  (T  +  i)  is  given  in  the  tables  of  the  Amer- 
ican Ephemeris  for  converting  "Mean  into  Sidereal  Time,"  and 
may  be  found  by  entering  the  table  with  the  argument  T  +  i, 
or  by  entering  successively  with  the  arguments  T  and  L  and 
adding  the  corrections  found,  observing  to  give  the  correction 
for  the  longitude  the  negative  sign  when  the  longitude  is  east. 
If  no  tables  are  at  hand,  the  direct  computation  of  this  term  will 
be  more  convenient  under  the  form  9*.  8665  X  7^. 

Example  1.— In  Longitude  165°  W.  1856  May  17,  4*  A.M.; 
what  is  the  sidereal  time  ? 

The  Greenwich  time  is  May  17,  8*;  and  the  computation  may 
be  arranged  as  follows : 

Local  Ast.  Time  T  =  16*    0-  0*. 

At  Gr.  Noon  May  17,       Fo=    3  41  28  .32 

Correction  of  V^  for  3»  )  «q  .- 

=  9'.8565X3      j     "" ^^^ 

^  e=  19   41  57.89 


Example  2.— In  Longitude  25°  17'  E.  1856  March  18,  about 
9*  30*  P.M.,  an  observation  is  noted  by  a  Greenwich  chronometer 
which  gives  7*  61"*  12'.8  and  is  slow  8*  13'.4 ;  what  is  the  local 
sidereal  time  ? 

Gr.  mean  date,  March  13,  7*  54*  25*.7 

Longitude,  •  1     41     8      J?. 

T  =  9  35  33.7 

March  13,  Fo=23  25  12.26 

Tabular  corr.  for  7*  54-  25*.7  =  1  17.94 

6=9  2     3.90 
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Example  3.— In  Longitude  7*  25*  12*  E.  1856  March  13, 13*  16- 
47*.  3  mean  local  astronomical  time ;  what  is  the  sidereal  time  ? 

T  =13*15*47'.3 
Fo=23   25  12.26 
Tabular  corr.  for         13*  15-  47'.3   =   +    2  10  .73 
Tab.  corr.  for  long.  —  7*  25-  12*.     =   —    1  13.14 

e  =  12  41  57  .15 

61.  To  convert  the  apparent  solar  time  at  a  given  meridian  into  the 
sidereal  time  at  tliai  meridian. 

Find  the  mean  time  by  Art.  48,  and  then  the  sidereal  time  by- 
Art.  50. 

Or,  more  directly,  to  the  given  apparent  time  add  the  true  sun's 
right  ascension.  For  if  in  Fig.  1  we  take  D  as  the  true  sun,  we 
have  DQ  =  apparent  solar  time,  VD  =  R.  A.  of  true  sun,  and 
VQ,  the  sidereal  time,  is  the  sum  of  these  two. 

The  right  ascension  of  the  true  sun  is  called  in  the  Ephemeris 
the  "sun's  apparent  right  ascension,"  and  is  there  given  for  each 
apparent  noon.  It  is  not  a  uniformly  increasing  quantity;  but 
for  many  purposes  it  will  be  sufficiently  accurate  to  consider  the 
hourly  increase  given  in  the  Ephemeris  as  constant  for  24\  and 
to  add  to  the  app.  R.  A.  of  the  Ephemeris  the  correction  found 
by  multiplying  the  hourly  difierence  by  the  number  of  hours  in 
the  Greenwich  time. 

Example.— In  Longitude  98°  W.  1856  June  3,  4*  10^  P.M. 
app.  time ;  what  is  the  sidereal  time  ? 

Gr.  app.  date  June  3, 10*  42-  (=  10*.7)  Local  app.  t.  =  4*  10-  0-. 

0's  App.  R.  A.  App.  noon  Juno  3    =4    46  22  .04 
Hourly  diflf.  =  10'.271    Corr.  =  10'.271  X  10.7         =         1  49  .90 

Sidereal  time  =8    58  11 .94 

52.  To  convert  the  sidereal  time  at  a  given  meridian  into  the  mean 
time  at  that  meridian. 

First  method. — When  the  Greenwich  mean  time  is  also  given, 
as  is  frequently  the  case,  we  have  only  to  find  F  as  in  Art.  50 
by  adding  to  V^  given  in  the  Ephemeris  the  correction  for  the 
Greenwich  time  taken  from  the  table  "Mean  into  Sidereal 
Time,"  and  then  we  have,  by  transposing  equation  (56), 

T=e  -F 
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Example, — In  Longitude  165°  W.,  the  Greenwich  mean  time 
being  1866  May  17,  3*,  the  local  sidereal  time  19*  41"*  67'.89, 
what  is  the  local  mean  time  ? 

Fo  =    3*  41-  28*.32 

Corr.  for3*    ==         +    29.57 

F  =    3    41    57 .89 

e    =  19    41    57 .89 

e  — F=  T  =16     0      0.00 

The  longitude  being  11*  W.,  the  local  date  is  May  16. 

Second  method. — ^Wlien  the  Greenwich  mean  time  is  not  given, 
we  can  find  T  from  (57),  all  the  other  quantities  in  that  equation 
being  known.     We  find 

A* 

or,  in  a  more  convenient  form  for  use, 

T=  e  -  F„  -  (i  - ^)  (e  -Fo  +  Id  (53) 

in  which  the  term  multiplied  by  1  ~  —  is  the  retardation  of  mean 

time  on  sidereal  in  the  interval  ©  —  F^  +  A  and  is  given  in  the 
table  "Sidereal  into  Mean  Time."  It  is  convenient  to  enter  the 
table  first  with  the  argument  ©  —  Vq  and  then  with  the  argu- 
ment Lj  and  to  subtract  the  two  corrections  from  ©  —  V^,  ob- 
serving that  the  correction  for  the  longitude  becomes  additive 
if  the  longitude  is  east. 

Example. — In  Longitude  165°  W.  1856  May  16,  the  sidereal 
time  is  19*  41"*  57'.89 ;  what  is  the  mean  local  time  ? 

e  =  19*  41'»  57*.89 

May  16,    F^  :=   3   37    31.76 

e  —  y;,  =  16     4   26  .13 

Table,  "Sidereal  into  |  Corr.  for  16*  4"  26'.13       =     _  2   38  .00 

Mean  Time"  1     «      « longitude   11*     ^     —  1   48 .13 

r=16     0     0.00 

63.  The  following  method  of  converting  the  sidereal  into  the 
mean  time  is  preferred  by  some.  In  the  last  column  of  page  III 
of  the  month  in  the  American  Naut.  Aim.  is  given  the  "Mean 
Time  of  Sidereal  0*."  This  quantity,  which  we  may  denote  by 
V,  is  the  number  of  hours  the  mean  sun  is  west  of  the  vernal 
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equinox,  and  is  merely  the  difference  between  24*  and  the  mean 
sun's  right  ascension.  The  hour  angle  of  the  mean  sun  at  any 
instant  is  then  the  hour  angle  of  the  vernal  equinox  increased 
by  the  value  of  V  at  that  instant.  To  find  this  value  of  y,  we 
first  reduce  the  Almanac  value  to  the  given  meridian  by  cor- 
recting it  for  the  longitude  by  the  table  for  converting  sidereal 
into  mean  time;  then  reduce  it  to  the  given  sidereal  time  © 
(which  is  the  elapsed  sidereal  time  since  the  transit  of  the  vernal 
equinox  over  the  given  meridian)  by  further  correcting  it  by  the 
same  table  for  this  time  0.  We  then  have  the  mean  time  Tby 
the  formula 

T^Q  +  V 

It  is  necessary  to  observe,  however,  that  if  0  +  F'  exceed 
24*  it  will  increase  our  date  by  one  day;  and  in  that  case  V 
should  be  taken  from  the  Almanac  for  a  date  one  day  less  than 
the  given  date ;  that  is,  we  must  in  every  case  take  that  value 
which  belongs  to  the  Greenwich  transit  of  the  vernal  equinox 
immediately  preceding  that  over  the  given  meridian. 

Example. — Same  as  in  Art  52. 

e  =  19*  41*  57'.89 

May  15,  V^'  =  20    23     3  .88 

Corr.  for  long.  11*  W.  =     —  1    48  .13 

Corr.  for    19*  41-  58-  =      ~3    18.64 

r=16     0      0.00 

54.  To  find  the  hour  angle  of  a  star*  at  a  given  time  at  a  given 
meridian. 

In  Fig.  1,  we  have  for  the  star  at  0,  DQ=VQ  —  VD;  that 
is,  if  we  put 

0  =  the  sidereal  time, 

a  =  the  right  ascension  of  the  star, 

t  =  the  hour  angle  "    "     " 

then  <  =  e  —  a  (59) 

If  a  exceeds  0,  this  formula  will  ^ve  a  negative  value  of  t 
which  will  express  the  hour  angle  east  of  the  meridian:  in  that 
case,  if  we  increase  0  by  24*  before  subtracting  a,  we  shall  find 

*  We  shaU  use  *<8tar,"  for  breTitj,  to  denote  any  celestial  body. 
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the  value  of  t  reckoned  in  the  usual  manner,  west  of  the  meri- 
dian. 

According  to  this  formula,  then,  we  have  first  to  convert  the 
given  time  into  the  sidereal  time,  from  which  we  then  subtract 
the  right  ascension  of  the  star,  increasing  the  sidereal  time  by 
24*  when  necessary;  the  remainder  is  the  required  hour  angle 
west  of  the  meridian. 

In  the  case  of  the  sun,  however,  the  apparent  time  is  at  once 
the  required  hour  angle,  and  we  only  have  to  apply  to  the  given 
mean  time  the  equation  of  time. 

Example.— In  Longitude  165®  W.  1856  May  16, 16*  0"  0*  mean 
time,  find  the  hour  angles  of  the  sun,  the  moon,  Jupiter,  and 
the  star  Fomalhaut. 

The  Greenwich  mean  date  is  1856  May  17,  8\  and  the  local 
sidereal  time  is  (see  Example  1,  Art.  50)  0  =  19*  41*  57'.89. 
For  the  Greenwich  date  we  find  from  the  Naut.  Aim.  the  equa- 
tion of  time  Ey  and  the  right  ascensions  a  of  the  moon,  Jupiter, 
and  Fomalhaut,  as  below : 

r=16*    0-    0*  e==19*  41*  57'.89 

^JB!=+     3    49.85  D's  a  =  13    50    21.35 

0'si  =  16     3    49.85 

e  =  19*  41-  57*.89 
%'b  a  =  0  7  57.52 
%'&  ^  =  19   34      0  .37         Fomalh.  f  ==  20    52    17  .71 

If  the  sidereal  time  had  been  given  at  first,  we  should  have 
found  the  hour  angle  of  the  sun  by  subtracting  its  apparent  right 
ascension  as  in  the  case  of  any  other  body. 

55.  Given  the  hour  angle  of  a  star  at  a  given  meridian  on  a  given 
datfy  to  find  the  local  mean  time. 
By  transposing  the  formula  (59),  we  have 

e  =  *  +  a  (60) 

so  that,  the  right  ascension  of  the  star  being  given,  we  have  only 
to  add  it  to  the  given  hour  angle  to  obtain  the  local  sidereal  time, 
whence  the  mean  time  is  found  by  Art.  52.  When  the  sum  t  +  a 
exceeds  24*,  we  must,  of  course,  deduct  24*.  If  the  body  is  the 
sun,  however,  the  given  hour  angle  is  at  once  the  apparent  time, 
whence  the  mean  time  as  before.     But  if  the  body  is  the  moon 
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or  a  planet,  its  right  ascension  can  be  found  from  the  Ephemeris 
only  when  we  know  the  Greenwich  time.  If  then  the  Green- 
wich time  is  not  given,  we  must  find  an  approximate  value  of 
the  local  time  by  formula  (60),  using  for  a  a  value  taken  for  a 
Greenwich  time  as  nearly  estimated  as  possible ;  from  this  local 
time  deduce  a  more  exact  value  of  the  Greenwich  time,  with 
which  a  more  exact  value  of  a  may  be  found ;  and  so  repeating  as 
often  as  maybe  necessary  to  reach  the  required  degree  of  precision. 

Example  1. — In  Longitude  165®  W.  1856  May  16,  the  hour  angle 
of  Fomalhaut  is  20*  52"'  17'.71;  what  is  the  mean  time  ? 

t  =  20*  52-  17'.71 

May  16,  Fomalh.  a  =  22  49    40  .18 

e  =  19  41    57  .89 

whence  the  mean  time  is  found  to  be  T=  16*  0"*  0*. 

Example  2.— In  Longitude  165®  W.  1856  May  16,  the  moon's 
hour  angle  is  5*  51"*  36'.54,  and  the  Greenwich  date  is  given  May 
17,  3* ;  what  is  the  mean  time  ? 

t  =    5*51-36-.54 

For  May  17,  3»,      a  =  13  50    21.35 

e  =  19  41    57  .89 

«   May  17,  3*,      F=    3  41    57.89 

r  =  16     0      0  .00 

Example  8.— In  Longitude  30®  E.  1856  August  10,  the  moon's 
hour  angle  is  4*  10"*  53'.2;  what  is  the  mean  time  ? 

For  a  first  approximation,  we  observe  that  the  moon  passes  the 
meridian  on  August  10  at  about  7*  mean  time  (Am.  Eph.  page 
IV  of  the  month),  and  when  it  is  west  of  the  meridian  4*  the 
mean  time  is  about  4*  later,  or  11*,  from  which  subtracting  the 
longitude  2*  we  have,  as  a  rough  value  of  the  Greenwich  time 
Aug.  10,  9*.    We  then  have 

t  =   4*  11- 

For  Ang.  10,  9»,      a  =  16    29 

6  =  20    40 

«  Ang.  10,  9»,     F=    9    18 

Ist  approx.  value     T  =  11    22 

Hence  the  more  exact  Greenwich  date  is  Aug.  10,  9*  22*;  and 
with  this  we  now  repeat: 
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t=   4*10-'53'.2 

For  Aug.  10,  9*  22*    «  =  16   29  26.8 

6  =  20  40  20.0 

«  "  V=    9   18     8.1 

2d  approx.  value      T=\\   22   11 .9 

A  third  approximation,  setting  out  jfrom  this  value  of  T^  gives 
us  r=ll*22-'l2'.32. 

56.  The  mean  time  of  the  meridian  passage  not  only  of  the 
moon  but  of  each  of  the  planets  is  given  in  the  Ephenieris. 
This  quantity  is  nothing  more  than  the  arc  of  the  equator  in- 
tercepted between  the  mean  sun  and  the  moon's  or  planet's 
declination  circle.  If  we  denote  it  by  JHf,  we  may  regard  M  as 
the  equation  between  mean  time  and  the  lunar  or  planetary  time, 
these  terms  being  used  instead  of  "hour  angle  of  the  moon"  or 
"hour  angle  of  a  planet,"  just  as  we  use  "solar  time"  to  signify 
"hour  angle  of  the  sun."  This  quantity  M\q  given  in  the  Ephe- 
meris  for  the  instant  when  the  lunar  or  planetary  time  is  0*,  and 
its  variation  in  1*  of  such  time  is  also  given  in  the  adjacent 
column.  If,  then,  when  the  moon's  or  a  planet's  hour  angle  at  a 
given  meridian  =  ty  we  take  out  from  the  Almanac  the  value  of 
M  for  the  corresponding  Greenwich  value  of  /,  we  shall  find  the 
mean  time  Tby  simply  adding  Mto  t;  that  is, 

T=t+M  (61) 

This  is,  in  fact,  the  direct  solution  of  the  problem  of  the  pre- 
ceding article,  and  neither  requires  a  previous  knowledge  of  the 
vlreenwich  mean  time  nor  introduces  the  sidereal  time.  But 
the  Almanac  values  of  M  are  not  given  to  seconds;  and  there- 
fore we  can  use  (61)  only  for  making  our  first  approximation  to 
r,  after  which  we  proceed  as  in  the  last  article.  The  Green- 
wich value  of  t  with  which  we  take  out  M  is  equal  to  <  +  i, 
denoting  by  L  the  longitude  of  the  given  meridian  (to  be  taken 
with  the  negative  sign  when  east),  and  the  required  value  of  M  is 
the  Almanac  value  increased  by  the  hourly  difil  multiplied  by 
(1+  L)  in  hours.  As  the  hourly  diff.  of  M  in  the  case  of  the  moon 
is  itself  variable,  we  should  use  that  value  of  it  which  corresponds 
to  the  middle  of  the  interval  t  +  L;  that  is,  we  should  first  correct 
the  hourly  diff.  by  the  product  of  its  hourly  change  into  \{t-{-L) 
in  hours. 
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Example. — Same  as  Example  8,  Art.  55.    "We  have 

<  +  i  =  2»  10-  53'.2  =  2M8  t=  4»  10«  63*.2 

At  Gr.  trans.  Hour.  Diff.  =2«.17  AtGr.tran8.Aug.lO,if=   7    6  80 
Variation  of  H.  D.  in  1*  5-  =     .01      2-.18  X  2.18  =  +   4  45 

Corrected  Hourly  Diff.   =  2  .18  !r==  11  22     8  .2 

which  agrees  within  4*  with  the  true  value.  Taking  it  as  a  first 
approximation,  and  proceeding  as  in  Art.  55,  a  second  approxima- 
tion gives  T=  11*  22*  12'.19. 

THE   EPHEMERIS,   OR  KAUTICAL   ALMANAC. 

57.  We  have  already  had  occasion  to  refer  to  the  Ephemeris ; 
but  we  propose  here  to  treat  more  particularly  of  its  arrange- 
ment and  use. 

The  Astronomical  Ephemeris  expresses  in  numbers  the  actual 
state  of  the  celestial  sphere  at  given  instants  of  time ;  that  is, 
it  gives  for  such  instants  the  numerical  values  of  the  co-ordi- 
nates of  the  principal  celestial  bodies,  referred  to  circles  whose 
positions  are  independent  of  the  diurnal  motion  of  the  earth, 
as  declination  and  right  ascension,  latitude  and  longitude; 
together  with  the  elements  of  position  of  the  circles  of  re- 
ference themselves.  It  also  gives  the  effects  of  changes  of  posi- 
tion of  the  observer  upon  the  co-ordinates,  or,  rather,  numbers 
from  which  such  changes  can  be  readily  computed  (namely, 
the  parallax,  which  will  be  fully  considered  hereafter),  the  ap- 
parent angular  magnitude  of  the  sun,  moon,  and  planets,  and, 
in  general,  all  those  phenomena  which  depend  on  the  time ;  that 
is,  which  may  be  regarded  simply  bjr  functions  of  (he  time. 

The  American  Ephemeris  is  composed  of  two  parts,  the  first 
computed  for  the  meridian  of  Greenwich,  in  conformity  with  the 
British  Nautical  Almanac^  especially  for  the  use  of  navigators ; 
the  second  computed  for  the  meridian  of  "Washington  for  the 
convenience  of  American  astronomers.  The  French  Ephemeris, 
La  Connaissance  des  TempSy  is  computed  for  the  meridian  of  Paris; 
the  German,  Berliner  Astronomisches  Jahrbuch,  for  the  meridian 
of  Berlin.  All  these  works  are  published  annually  several  years 
in  advance. 

58.  In  what  follows,  we  assume  the  Ephemeris  to  be  computed 
for  the  Greenwich  meridian,  and,  consequently,  that  it  contains 
the  right  ascensions,  declinations,  equation  of  time,  &c.  for  given 
equidistant  instants  of  Greenwich  time. 
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Before  we  can  find  from  it  the  values  of  any  of  these  quanti- 
ties for  a  given  local  time,  we  must  find  the  corresponding  Green- 
wich time  (Arts.  45,  46).  When  this  time  is  exactly  one  of  the 
instants  for  which  the  required  quantity  is  put  down  in  the  Ephe- 
meris,  nothing  more  is  necessary  than  to  transcribe  the  quantity 
as  there  put  down.  But  when,  as  is  mostly  the  case,  the  time 
falls  between  two  of  the  times  in  the  Ephemeris,  we  must  obtain 
the  required  quantity  by  interpolation.  To  facilitate  this  inter- 
polation, the  Ephemeris  contains  the  rate  of  change,  or  difterence 
of  each  of  the  quantities  in  some  unit  of  time. 

To  use  the  diflfereuce  columns  with  advantage,  the  Greenwich 
time  should  be  expressed  in  that  unit  of  time  for  which  the 
difterence  is  given :  thus,  when  the  difterence  is  for  one  hour, 
our  time  must  be  expressed  in  hours  and  decimal  parts  of  an 
hour ;  when  the  difference  is  for  one  minute,  the  time  should  be 
expressed  in  minutes  and  decimal  parts,  &c. 

69.  Simple  interpolation, — In  the  greater  number  of  cases  in 
practice,  it  is  sufliciently  exact  to  obtain  the  required  quantities 
by  simple  interpolation;  that  is,  by  assuming  that  the  differences 
of  the  quantities  are  proportional  to  the  differences  of  the  times, 
which  is  equivalent  to  assuming  that  the  diftereuces  given  in  the 
Ephemeris  are  constant.  This,  however,  is  never  the  case ;  but 
the  error  arising  from  the  assumption  will  be  smaller  the  less 
the  interval  between  the  times  in  the  Ephemeris ;  hence,  those 
quantities  which  vary  most  irregularly,  as  the  moon's  right 
ascension  and  declination,  are  given  for  every  hour  of  Green- 
wich time ;  others,  as  the  moon's  parallax  and  semidiameter,  for 
every  twelfth  hour,  or  for  noon  and  midnight;  others,  as  the 
sun's  right  ascension,  &c.,  for  each  noon ;  others,  as  the  right 
ascensions  and  declinations  of  the  fixed  stars,  for  every  tenth  day 
of  the  year.  Thus,  for  example,  the  greatest  errors  in  the  right 
ascensions  and  declinations  found  from  the  American  Ephe- 
meris by  simple  interpolation  are  nearly  as  follows : — 


Error  in  R.  A. 

Error  In  Decl. 

San 

C.l 

3".5 

Moon 

0.1 

1  .5 

Jupiter 

0.1 

0  .6 

Mars 

0.4 

2  .4 

Venus 

0.2 

5  .4 
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To  illustrate  simple  interpolation  when  the  Greenwich  time  ig 
given,  we  add  the  following 

Examples. 

Tor  the  Greenwich  mean  time  1866  March  80,  17*  11*  12*, 
find  the  following  quantities  from  the  American  Ephemeris: 
the  Equation  of  time,  the  Right  Ascension,  Declination,  Hori- 
zontal Parallax,  and  Semidiameter  of  the  Sun,  the  Moon,  an^ 
Jupiter. 

1.  The  Equation  of  fime.— The  Gr.  T.  =  March  30, 17*  11-2  =  March 
30, 17M87. 

(Page  II)  E  at  mean  noon  =    +  4"  27'.11  H.  D.  =  —  0'.763 

Corr.  for  17M9  =         —  13.11  17.19 

^==    +  4    14.00  —  13.11 

Note. — Observe  to  mark  E  always  with  the  sign  which  denotes  how  it  is  to  be 
applied  to  apparent  time.  If  increating^  the  H.  D.  (hourly  dififerenoe)  should  hav« 
the  same  sign  as  E;  otherwise,  the  contrary  sign. 

2.  SutCs  R.  a,  and  Dec. 

(P.  II.)     a  at  0*  =      0*  36-  40'.78  H.  D.  +  9'.094 

Corr.  for  17M87  =      +    2   36.29  17.187 

a=      0  39    17.07  166.29 

<5  at  0*  =  +  8°  57'  2r'.9  H.  D.  +  58'M5 

Corr.  for  17M87  =  +       16  39  .4  17.187 

d  =  +  4    14     1  .3  999.4 

3.  Moon's  B.  A.  and  Dec. 

a  at  17*  =     20*  18-  9*.80         Diff.  1-  +  2'.4975 

Corr.  for  11-2  =      +        27 .97  11.2 

a=     20  18  37 .77  27.97 

3  at  17*  =  —  25*^  3'  10".9  Diff.  1-  +  8".275 

Corr.  for  11-2  =       +    1  32  .7  11.2 

a  =  —  26    1  38  .2  92.68 

4.  Moon's  Sor,  Par.  (=  it)  and  Semid.  (=  /§). 

r  at  12*  =  68' 44'M  H.D.  +    2".17 

Corr.  for  6».2  =  +  11  .3  5^ 

TT  =  68  66  .4  11.28 
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S  at  12*  =  16'  2".0  BiflF.  in  12»  =  +  7".l 

CoiT.  for  5\2  ==  +  3  .1 
fif=16  6  .1 

5.  Jupitefs  R.  A,  and  Dec, 

a  at  0*  =  23»  29-  49'.95  H.  D.  +  2M75 

Corr.  for  17M87  =        +    37.38  17.187 

a  =  23  30    27.33  37.38 

d  at  0*  =  —  4^  22'  45".6  H.  D.  +  13".74 

Corr.  for  17M87  =       +    3  56  .1  17.187 

a  =  —  4     18  49  .5  236.1 

6.  Jupitefs  Hor,  Par.  and  Semid. — At  the  bottom  of  page  231,  we 
find  for  the  nearest  date  March  31,  without  interpolation : 

r  =  l".5  S=15".7 

Note. — It  may  be  observed  that  we  mark  hourly  differences  of  declination  pliu, 
when  the  body  is  moving  northward,  and  minus  when  it  is  moving  southward. 

In  the  above  we  have  carried  the  computation  to  the  utmost 
degree  of  precision  ever  necessary  in  simple  interpolation. 

60.  To  find  the  right  ascension  and  declination  of  the  sun  at  the  time 
of  its  transit  over  a  given  meridian^  and  also  the  equation  of  time  at 
the  same  instant 

When  the  sun  is  on  a  meridian  in  west  longitude,  the  Green- 
wich apparent  time  is  precisely  equal  to  the  longitude,  that  is, 
the  Gr.  App.  T.  is  after  the  noon  of  the  same  date  with  the  local 
date,  by  a  number  of  hours  equal  to  the  longitude.  When  the 
sun  is  on  a  meridian  in  east  longitude,  the  Gr.  App.  T.  is  before 
the  noon  of  the  same  date  as  the  local  date,  by  a  number  of 
hours  equal  to  the  longitude.  Ilence,  to  obtain  the  sun*s  right 
ascension  and  declinatiqn  and  the  equation  of  time  for  apparent 
noon  at  any  meridian,  take  these  quantities  from  the  Ephemeris 
(page  I  of  the  month)  for  Greenwich  Apparent  Noon  of  the 
same  date  as  the  local  date,  and  apply  a  correction  equal  to  the 
hourly  difference  multiplied  by  the  number  of  hours  in  the  lon- 
gitude, observing  to  add  or  subtract  this  correction,  according  as 
the  nnmbers  in  the  Epliemeris  may  indicate,  for  a  time  before  or 
after  noon. 
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Example  1.— Longitude  167*^  81'  W.  1856  March  20,  App. 
Noon,  find  O's  R.  A.,  O's  Dec,  and  Eq.  of  T. 

Longitude  =  +  11*  10*  4*  =  +  11M7 

a  at  App.  0*=  0*  0-  20'.94     H.  D.  +  9'.098 

Corr.  for  +  11M7  =+   1    41.62  +   11.17 

a=   0  2      2.56  +101.62 

9  at  App.  0*=  +  0^  2'  16".6       H.  D.  +  59".21 

Corr.  for  +  11M7  =  +       11    1  .4  +    11.17 

^  =  +  0  13  17  .9  +   661.4 

E  at  App.  0*  ==  +  7-  31V57     H.  D.  —  0'.759 

Corr. for  +  11M7  =       ~    8.48  +   11.17 

^  =  +    7  28 .09  —     8.48 

Example  2.— Longitude   167°  81'  E.   1856  March  20,   App. 
Noon,  find  O's  R.A.,  O's  Dec,  and  Eq.  of  T. 

Longitude  =  —  11*  10"  4«=  —  11M7 

a  at  App.  0*  =  0*  0*  20*.94       H.  D.  -|-  9*.098 
Corr.  for  —  11M7  =  —  1  41 .62  —   11.17 


a  =  23  58  89.32 

—  101.62 

aatApp.  0»=-|-  0°  2'16".5 
Corr.  for  —  11M7  =      — 11     1  .4 

H.  D.  +  69".21 
-   11.17 

*a  =  -0    844  .9' 

—  661.4 

.BatApp.O»=      +7-31'.57 
Corr.  for  —  11M7  =         +     8 .48 

H.D.-0'.759 
—  11.17 

E=     +7   40.05 

+     8.48 

61.  To  find  the  mean  local  time  of  the  moon* 8  or  a  planets  transit 
over  a  given  meridian. 

This  is  the  same  as  the  problem  of  Art.  55,  in  the  special  case 
where  the  hour  angle  of  the  moon  or  planet  at  the  given  meri- 
dian is  0*.  We  can,  however,  obtain  the  required  time  directly 
from  the  Ephemeris,  with  sufficient  accuracy  for  many  purposes, 

*  In  this  example  the  sun  crosses  the  equator  between  the  times  of  its  transits 
OTer  the  local  and  the  Greenwich  meridians.  The  case  must  be  noted,  as  it  is  a  fre- 
quent occasion  of  error  among  navigators.  The  same  case  can  occur  on  September 
22  or  28. 
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by  simple  interpolation.  On  page  IV  of  the  month  {Am.  Ephem. 
and  British  NauL  Aim.)  we  find  the  mean  time  of  transit  of  the 
moon  over  the  Greenwich  meridian  on  each  day.  This  mean 
time  is  nothing  more  than  the  hour  angle  of  the  mean  sun  at 
the  instant,  or  the  difference  of  the  right  ascensions  of  the  moon 
and  the  mean  sun ;  and  if  this  difference  did  not  change,  the 
mean  local  time  of  moon's  transit  would  be  the  same  for  all 
meridians;  but  as  the  moon's  right  ascension  increases  more 
rapidly  than  the  sun's,  the  moon  is  apparently  retarded  from 
transit  to  transit.  The  difference  between  two  successive  times 
of  transit  given  in  the  Ephemeris  is  the  retardation  of  the  moon 
in  passing  over  24*  of  longitude^  and  the  hourly  difference  given 
is  the  retardation  in  passing  from  the  Greenwich  meridian  to 
the  meridian  1*  from  that  of  Greenwich.  Hence,  to  find  the 
local  time  of  the  moon's  transit  on  a  given  day,  take  the  time  of 
meridian  passage  from  the  Ephemeris  for  the  same  date  (astro- 
nomical account)  and  apply  a  correction  equal  to  the  hourly 
difference  multiplied  by  the  longitude  in  hours;  adding  the 
correction  when  the  longitude  is  west,  subtracting  it  when  east. 
The  same  method  applies  to  planets  whose  mean  times  of  transit 
are  given  in  the  Ephemeris  as  in  the  case  of  the  moon. 

Example.— Longitude  180°  25'  E.  1856  March  22 ;  required 
local  time  of  moon's  transit. 

Gr.  Merid.  Passage  March  22, 13*.  2".7     H.  D.  +  1-.59 

Corr.  for  Long.  —  8*.7     ==       —  13.8  — 8J 

Local  M.  T.  of  transit      =       12  48.9  —    13.8 

62.  To  firul  the  moon's  or  a  plcmefs  right  ascension^  declination^ 
^c,  at  the  time  of  transit  over  a  given  meridian. 

Find  the  local  time  of  transit  by  the  preceding  article,  deduce 
the  Greenwich  time,  and  take  out  the  required  quantities  from 
the  Ephemeris  for  this  time.  This  is  the  usual  nautical  method, 
and  is  accurate  enough  even  for  the  moon,  as  meridian  observa- 
tions of  the  moon  at  sea  are  not  susceptible  of  great  precision. 
For  greater  precision,  find  the  local  time  by  Art.  55  for  <  =  0*, 
and  thence  the  Greenwich  time.  See  also  Moon  Culminations, 
Chapter  VII. 

63.  Intbrpolation  by  second  differences. — The  differences 
between  the  successive  values  of  the  quantities  given  in  the 
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Ephemeris  as  functions  of  the  time,  are  called  the  first  differ- 
ences;  the  differences  between  these  successive  differences  are 
called  the  second  differences;  the  differences  of  the  second  differ- 
ences are  called  the  third  dfferenceSy  &c.  In  simple  interpolation 
we  assume  the  function  to  vary  uniformly ;  that  is,  we  regard 
the  first  difference  as  constant^  neglecting  the  second  difference, 
which  is,  consequently,  assumed  to  be  zero.  In  interpolation 
by  second  differences  we  take  into  account  the  variation  in  the 
first  difference,  but  we  assume  its  variations  to  be  constant; 
that  is,  we  assume  the  second  difierences  to  be  constant  and  the 
third  differences  to  be  zero.    . 

"When  the  American  Ephemeris  is  employed,  we  can  take  the 
second  differences  into  account  in  a  very  simple  manner.  In 
this  work,  the  difference  given  for  a  unit  of  time  is  always  the 
difference  belonging  to  the  instant  of  Greenwich  time  against 
which  it  stands,  and  it  expresses,  therefore,  the  rate  at  which 
the  function  is  changing  at  that  instant.  This  difference,  which 
we  may  here  call  the  first  difference,  varies  with  the  Greenwich 
time,  and  (the  second  difterence  being  constant)  it  varies  uni- 
formly, so  that  its  value  for  any  intermediate  time  may  be  found 
by  simple  interpolation,  using  the  second  differences  as  first  dif- 
ferences. Now,  in  computing  a  correction  for  a  given  interval 
of  Greenwich  time,  we  should  employ  the  mea%  or  average 
value,  of  the  first  difterence  for  the  interval,  and  this  mean 
value,  when  we  regard  the  second  differences  as  constant,  is 
that  which  belongs  to  the  middle  of  the  interval.  Hence,  to 
take  into  account  the  second  differences,  we  have  only  to  observe 
the  very  simple  rule — employ  that  {interpolated)  value  of  the  first 
difference  which  corresponds  to  the  middle  of  the  interval  for  which  the 
correction  is  to  be  computed. 

Example.— For  the  Greenwich  time  1856  March  2, 12*  29-  86% 
find  the  moon's  declination. 

March  2,  12*  (6)  =  —  27°  IC^  41".8  Diff.  !"•  =  -f  4".814    2d  Diff.  =  +  (y.189 

CoxT.  for  29"».6  -f-     2  28  .9        Corr.  for  2d  diff.  >f  .047  0.25 

6=  —27    8  17  .9  +4.861  +  0.047 

29.6 
+ 143.89 

Here  the  "  diff.  for  I**"  increases  0'M89  in  1*;  the  half  of  the 
interval  for  which  the  correction  is  to  be  computed  is  14"  48*  =^ 
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0*.25;  we  therefore  find  the  value  of  the  first  difference  at  12* 
14"*  48*,  by  adding  to  its  value  taken  for  12*  the  quantity  0'M89 
X  0.25,  and  then  proceed  as  in  simple  interpolation.  This  exam- 
ple suflices  to  illustrate  the  method  in  all  cases  where  the  first 
difference  is  ^ven  in  the  Ephemeris  for  the  time  against  which 
it  stands.  In  using  the  British  Nautical  Almanac  and  other 
works  of  the  same  kind,  interpolation  by  second  differences 
may  be  performed  by  the  general  interpolation  formula  here- 
after given. 

64.  To  find  the  Ghreenwich  time  corresponding  to  a  given  right  ascen^ 
sion  of  the  moon  on  a  given  dag. 

Let  T'  =  the  Greenwich  time  corresponding  to  the  given  right 
ascension  a', 
T  =  the  Greenwich  hour  preceding  2"  and  corresponding  to 

the  right  ascension  a, 
Aa  =  the  diff.  of  R  A.  in  1-  at  the  time  T, 

then  we  have,  approximately, 

rpf jT  __  »  — <* 

Aa 

To  correct  for  second  differences,  we  have  now  only  to  find 

\a  =  diff.  of  EA.  in  l*  for  the  middle  instant 
of  the  interval  T—T, 

and  then  we  have,  accurately. 


These  formulae  give  T'  —  T  in  minutes  of  time. 

65.  To  find  the  distance  of  the  moon  from  a  given  object  at  a  given 
Greenwich  time. 

In  the  American  Ephemeris  and  the  British  Nautical  Alma* 
nac,  the  "lunar  distances"  are  given  at  every  3d  hour  of  Green- 
wich time,  together  with  the  proportional  logarithms  of  the  difter- 
ences  between  the  successive  distances. 

The  proportional  logarithm  of  an  angle  expressed  in  hours, 
&c.  is  the  logarithm  of  the  quotient  of  3*  divided  by  the  angle ; 
that  of  an  angle  expressed  in  degrees,  &c.  is  the  logarithm  of 
the  quotient  of  3°  divided  by  the  angle.  Thus,  if  A  is  the  angle, 
ii\  hours. 
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P.  L.  ^  =  log-  =  log3*  — logil 

or,  if  A  is  iu  degrees, 

P.  L.  ^=:log-=log3^  — lOgil 
A 

The  angle  is  always  supposed  to  be  reduced  to  seconds ;  so  that, 
whether  A  is  in  seconds  of  time  or  of  arc,  we  have 

P.  L.  ^  =  log  10800  —  log  A 

Tables  of  such  logarithms  are  given  in  works  on  Navigation. 

If  now  we  wish  to  interpolate  a  value  of  a  lunar  distance  for  a 
time  T+  i  which  falls  between  the  two  times  of  the  Ephemeris 
7^ and  T+  3*,  we  are  to  compute  the  correction  for  the  interval  t 
and  apply  it  to  the  distance  given  for  the  time  T;  and  if  we  put 

J  =the  difference  of  the  distances  in  the  Ephemeris, 
A'  =  the  difference  in  the  interval  f, 

we  shall  have,  by  simple  interpolation, 
or,  by  logarithms, 


3» 


log  J'  =  log  *  +  log  J  —  log  3* 
or,  supposing  J,  J',  and  t  all  reduced  to  seconds, 

log  J'  =  log  ^  —  P.  L.  J  (62) 

Subtracting  both  members  of  this  from  log  10800,  we  have 

P.  L.  J'  =  P.L.  e  +  P.  L.  J  (63) 

which  is  computed  by  the  tables  above  mentioned.  By  (62), 
however,  only  the  common  logarithmic  table  is  required. 

But  the  first  differences  of  the  lunar  distance  cannot  be  assumed 
as  constant  when  the  intervals  of  time  are  as  great  as  3*.  If 
we  put 

P.  L.  J  =^  C 

we  observe  tliat  Q  is  variable,  and  the  value  given  in  the  Ephe- 
meris is  to  be  regarded  as  its  value  at  the  middle  instant  of  the 
interval  to  which  it  belongs.     If  then 

Q^  =  the  value  of  Q  for  the  middle  of  the  interval  f, 
^Q  =  the  increase  of  Q  in  3*  (found  from  the  successive  values 
in  the  Ephemeris), 
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we  have 

«.=e-(!l^').«  (64) 

in  which  t  is  in  hours  and  decimal  parts.     We  find  then,  with 
regard  to  second  differences, 

log  J'  =  logif— C 

Example. — ^Pind  the  distance  d  of  the  moon's  centre  from  the 
star  Fomalhaut  at  the  Greenwich  time  1856  March  30,  13*  20-^ 
24*. 

Here  T=  12», ^  =  1» 20" 24*  =  1».34 ;  ^*^"^*^  =  0.28 ;  and  from  the 

Ephemeris : 

March  30,  12»  (d)       86*^  17'  53"        Q,      .2993  a  C,  +  .0041 

J'      — 0  40  28  —  .0011  ^ 

At  13*  20"  24*   d  =   35  37  25         C      .2982  +  .0011 

log^,   3.6834 

log  J',  3.3852 

66.  To  find  the  Greenwich  time  corresponding  to  a  given  lunar  dis^ 
tance  on  a  given  day. 

We  find  in  the  Ephemeris  for  the  given  day  the  two  distances 
between  which  the  given  one  falls;  and  if  J' =  difference  be- 
tween the  first  of  these  and  the  given  one,  J  =  difference  of  the 
distances  in  the  Ephemeris,  we  find  the  interval  t,  to  be  added  to 
the  preceding  Greenwich  time,  by  simple  interpolation,  from  the 

formula 

J' 

f  =  3»x^ 

J 

or 

log  ^  =  log  J'  -f  P.  L.  J  =  log  J'  +  Q  (65) 

and,  with  regard  to  second  differences,  the  inte  interval,  t\  by 
the  formula 

log^  =  log  J'+§'  (66) 

where  Q'  has  the  value  given  in  the  preceding  article. 

But  to  find  Q'  by  (64)  we  must  first  find  an  approximate  value 
of  t.  To  avoid  this  double  computation,  it  is  usual  to  find  /  by 
(65),  and  to  give  a  correction  to  reduce  it  to  /'  in  a  small  table 
which  is  computed  as  follows.    We  have  from  (64),  (65),  and  (66) 
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By  the  theory  of  logarithms,  we  have,  -Jf  being  the  modulus 
of  the  common  system, 

logx  =  if[(x  — 1)  — }(a:  — l)*  +  &c.] 
so  that 

iogf-iog.=iog^=i.fp-i-(5:=:-'J  +  &o.] 

or,  neglecting  the  square  and  higher  powers  of  the  small  fraction 

t'  -t 

T' 

log<'-log«  =  Jf(?^) 
This,  substituted  above,  gives 

by  which  a  table  is  readily  computed  giving  the  value  of  <'  —  / 
[or  the  correction  of  t  found  by  (65)],  with  the  arguments  a  Q  and  U 
In  this  formula  i  and  V  —  i  are  supposed  to  be  expressed  in  hours ; 
and  to  obtain  t'  —  t  in  seconds  we  must  multiply  the  second 
member  by  8600 ;  this  will  be  effected  if  we  multiply  each  of  the 
factors  i  and  3*  —  <  by  60,  that  is,  reduce  them  each  to  minutes, 
so  that  if  we  substitute  the  value  of  JHf  =  .434294  the  formula 
becomes 

^^^.(180->^0  (67) 

2.60576       ^  ^    ^ 

in  which  t  is  expressed  in  minutes,  and  V  —  tm  seconds. 

Example. — 1856  March  30,  the  distance  of  the  moon  and 
Fomalhaut  is  35°  37'  25'' ;  what  is  the  Greenwich  time  ? 

March  30,  12»  0-   0- (eZ)=36n7'53"        q=  .2993  Ae=  +  41 
f=  1  20  36    d  ^35   37  25  log  J' =3.3852 
Ap.  Gr.  time  =13  20  36     J'  40  28    log^   =3.6845 

By  (67)*,f  —  t  =        ^12 
True  Gr.  time  =  13  20  24 

*  Or  from  the  "  Table  showing  the  correction  required  on  account  of  the  second 
differenceB  of  the  moon's  motion  in  finding  the  Greenwich  time  corresponding  to  a 
corrected  lunar  distance,"  which  is  given  in  the  American  Ephemeris,  and  is  also 
included  in  the  Tables  for  Correcting  Lunar  Distances  given  in  Vol.  II.  of  this  work. 
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INTERPOLATION  BY  DIFFERENCES  OF  ANY  ORDER. 

67.  When  the  exact  value  of  any  quantity  is  required  from  the 
Epheraeris,  recourse  must  be  had  to  the  general  interpolation 
formulfle  which  are  demonstrated  in  analytical  works.  These 
enable  us  to  determine  intermediate  values  of  a  function  from 
tabulated  values  corresponding  to  equidistant  values  of  the 
variable  on  which  they  depend.  In  the  Ephemeris  the  data  are 
in  most  cases  to  be  regarded  as  functions  of  the  time  considered 
as  the  variable  or  argument. 

Let  r,  T+  Wy  T-\-  2w,  T+  Sw,  &c.,  express  equidistant  values 
of  the  variable ;  F^  F\  F^',  F''\  &c.,  corresponding  values  of 
the  given  function ;  and  let  the  diflerences  of  the  first,  second, 
and  following  orders  be  formed,  as  expressed  in  the  following 
table : — 


Argament. 

Fanotion. 

l»t  Diff. 

2d  Diff. 

3d  Diff. 

4UtDiff. 

6th  Diff. 

6th  Diff. 

T 

F 

a 

T+   w 

F' 

a' 

b 

c 

r+2w 

F" 

a" 

6' 

e 

d 

e 

T+8w 

F'" 

a'" 

b" 

c" 

d! 

e 

/ 

T  +  Aw 

jn. 

a" 

b'" 

c"' 

d" 

r+Sw 

>" 

/»^ 

6" 

T+6w 

pri 

M 

The  differences  are  to  be  found  by  subtracting  doivnwardSj  that 
is,  each  number  is  subtracted  from  the  number  below  it,  and  the 
proper  algebraic  sign  must  be  prefixed.  The  dift'erences  of  any 
order  are  formed  from  those  of  the  preceding  order  in  the  same 
manner  as  the  first  differences  are  formed  from  the  given  func- 
tions. The  even  differences  (2d,  4th,  &c.)  fall  in  the  same  lines 
with  the  argument  and  function;  the  odd  differences  (1st,  3d,  &c.) 
between  the  lines. 

Kow,  denoting  the  value  of  the  function  corresponding  to  a 
value  of  the  argument  T+  nw  by  F^''\  we  have,  from  algebra, 

F<->=.F+na+^  ^"-^^  H"  ^"^^^  ^'""^^  e+^  ^"^^^  ^''^'^  ^"^''^  rf+&o.     (68) 
1.2  1.2.3  1.2.3.4 

in  which  the  coefficients  are  those  of  the  n^  power  of  a  binomial. 
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In  this  formula  the  interpolation  sets  out  from  the  first  of  the 
given  functions,  and  the  difterences  used  are  the  first  of  their 
respective  orders.  If  n  be  taken  successively  equal  to  0,  1,  2,  3, 
&c.,  we  shall  obtain  the  functions  F,  F\  F",  F'",  &c.,  and  in- 
termediate values  are  found  by  using  fractional  values  of  n.  We 
usually  apply  the  formula  only  to  interpolating  between  the 
function  from  which  we  set  out  and  the  next  following  one,  in 
which  case  n  is  less  than  unity.  To  find  the  proper  value  of  n 
in  each  case,  let  T-\-t  denote  the  value  of  the  argument  for  which 
we  wish  to  interpolate  a  value  of  the  function :  then 


n  =  — 
w 


nw  =  t 
that  is,  n  is  the  value  of  t  reduced  to  a  fraction  of  the  interval  w. 


Example. — Suppose   the   moon's  right  ascension  had  been 
given  in  the  Ephemeris  for  every  twelfth  hour  as  follows : 


l8t.  Diff.     adDiff.   SdDiff.  4th  Diff.  6th  Diff. 

-f-  28'"  47«.04 

28    10.07 

82.18  +K74 

27    87.89  6.58  —  C.66 

27    12.24 

26    54.20 


Required  the  moon's  right  ascension  for  March  5,  6*. 

Here  r=  March  5,  0*,  t  =  6\  w  =  12\  n  =  -^  =  -;  and  if  we 
'      '  '  '  12*      2 

denote  the  coefficients  of  a,  6,  c,  rf,  e  in  (68)  by  -4,  -B,  (7,  jD,  JS, 

we  have 

2^  =  21*  68- 28'.39 


1856  March  5, 

0* 

5, 

12 

6, 

0 

6, 

12 

•7, 

0 

7, 

12 

]>*8R.  A. 

21*  58"»  28».89 

22 

27 

15.48 

22 

55 

25.50 

23 

23 

8.89 

23 

50 

15.63 

0 

17 

9.88 

SdDiff. 

SdDiff. 

4th  Diff. 

—  86'.97 

+  4«.79 

82.18 

6.58 

+ 1-.74 

25.65 

7.61 

1.08 

18.04 

• 

a  =  +  28' 

'  47'.04, 

A=n             =       i,     Aa  =  + 

14    23.52 

6=- 

86 .97, 

4.62 

c=  + 

4.79, 

C=B.^  =  +  t'5,    Cc=  + 

0.80 

d  =  + 

1.74, 

D=C.^  =  -7f5,2)i  =  - 

0.07 

e=- 

0.66, 

E=D.'^=  +  ^U^=- 

0.02 

3>'8  R  A.  1856  March  5,  6» F'**'  =  22  12    56 .74 
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which  agrees  precisely  with  the  value  given  in  the  American 
Ephemeris, 

68.  The  formula  (68)  may  also  be  written  as  follows : 


jf("i= 


2\8\  4\  5V 

Thus,  in  the  preceding  example,  we  should  have 
n— 4  . 


5 
n— 8 


—  —  TI» 


TO 


-O-M 


4 
n  — 2 

3 
n  — 1 


=  -  i> 


=  -  h 


-  I  (+    1'.74  +  0'.46)       = 
_  ^  (+    4..79  _  1..38)       = 

—  ^  (—  Se-.OT  —  1'.71)       = 


+  0'.46 

-  1.88 

-  1.71 
+  9.67 


n=        I, 


i  (+  28-47'.04  +  9'.67)  =  +  14-  28«.35 


and  adding  this  last  quantity,  14"  28'.35,  to  21*  58*  28'.89,  we 
obtain  the  same  value  as  before,  or  22*  12"  56'. 74. 

69.  A  more  convenient  formula,  for  most  purposes,  may  be 
deduced  from  (68),  if  we  use  not  only  values  of  the  functions 
following  that  from  which  we  set  out,  but  also  preceding  values ; 
that  is,  also  values  corresponding  to  the  arguments  T  —  w, 
T  —  2w,  &c.  "We  then  form  a  table  according  to  the  following 
schedule : 


Argnmtnt. 

Fanetion. 

IstDiff. 

2dIHff. 

SdDiff. 

4thDiff. 

StliDiff. 

etiiDiff. 

T— 3w 

F... 

T— 2w 

F.. 

K 

"u 

T VB 

F. 

«/ 

h 

c, 

A, 

«/ 

T 

F 

a' 

b 

d 

d 

d 

/  . 

r+  10 

F' 

a" 

V 

c" 

d' 

r+2w 

F" 

a'" 

h" 

• 

r+sw 

F'" 
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According  to  the  formula  (68),  if  we  set  out  from  the  function 
Fj  we  employ  the  differences  denoted  in  this  table  by  a',  b\  c", 
&c.,  and  hence  for  the  argument  T+  nw  we  find  the  value  of 
i^<'*>  by  the  formula 

F^^^F+na'-^""  (»-l)         n£n~l)  (n-2)         n(n^l)  (n^2)  (»-^)  ^^     ^^ 
1.2  1.2.8  1.2.8.4  ^ 

But  we  have 

&'  =  (/  +d'  =  (f    +€1  +  6^ 

<f"=  d'  +  e"  =  4  +  6'  +  e'  +/'  =  d  +  2e'  +/' 
&c.         &c. 

in  which  6',  (?'',  &c.  are  expressed  in  terms  of  the  differences 
that  lie  on  each  side  of  a  horizontal  line  drawn  in  the  table 
immediately  under  the  function  from  which  we  set  out.  These 
values  substituted  in  the  formula  give 

12  12   3 

(n  +  l)(n)(n^l)(n^2)^;^^^^  (69) 

^  1.2.3.4  ^  ^^ 

in  which  the  law  of  the  coeflBlcients  is  that  one  new  factor  is 
introduced  into  the  numerator  aliemaidy  after  and  before  the 
other  factors,  observing  always  that  the  factors  decrease  by  unity 
from  left  to  right  The  new  factor  in  the  denominator,  as  in  the 
original  formula  (68),  denotes  the  order  of  difference. 

The  interpolation  by  this  formula  is  rendered  somewhat  more 
accurate  by  using,  instead  of  the  last  difference,  the  mean  of  the 
two  values  that  lie  nearest  the  horizontal  line  drawn  under  the 
middle  function :  thus,  if  we  stop  at  the  fourth  difference,  we 
use  a  mean  between  d  and  d'  instead  of  d.  We  thus  take  into 
account  a  part  of  the  term  involving  the  fifth  difterence. 

Example. — Find  the  moon's  right  ascension  for  1856  March  5, 
6*,  employing  the  values  given  in  the  Ephemeris  for  every 
twelfth  hour.  This  is  the  same  as  the  example  under  Art.  67, 
where  it  is  worked  by  the  primitive  formula  (68).  But  here  we 
take  from  the  Ephemeris  three  values  preceding  that  for  March  6, 
0*,  and  three  values /oHoi(;»i^  it,  and  form  our  table  as  follows: 
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D'iR.A. 

l8t  DIff. 

2dDffr. 

SdDiff. 

4th  DiflT. 

6th  Wfr. 

1866  March  3,  12* 

20*  28"»  17'.88 

+  30^89'.2O 

«       4,    0 

20  68    67,08 

30     4.93 

—  34'.27 

--4'.28 

«       4,  12 

21   29      2.01 

29   26.38 

88.66 

—  0.79 

+  3'.49 

-0'.33 

"       6,    0 

21   68    28.39 

39.34 

8.16 

28    47.04 

+  2.37 

—  0.74 

"       6,  12 

22  27    16.43 

28    10.07 

36.97 

+  4.79 

2.42 

"       6,    0 

22   66    26.60 

27    87.89 

32.18 

«       6,  12 

23   28      3.39 

Drawing  a  horizontal  line  under  the  function  from  which  we 
set  out,  the  difterences  required  in  the  formula  (69)  stand  next 
to  this  line,  alternately  below  and  above  it. 


F    =21» 

68- 

28'.89 

a'  =  + 

28- 

'  47'.04, 

A  = 

n        =        I 

Aa'  =  + 

14 

28.62 

b  — 

39  34 

B  —  A 

n-l_         . 

Bb   =  + 
W  =  — 

4  92 

cf  =  + 

2.37, 

C  =  B. 

2                 «' 
n  +  1 
8                "' 

0.15 

d=  + 

8.16, 

D=C. 

n-2_ 
4     —  +  t3b. 

Dd  =  + 

0.07 

e'=  — 

0.74, 

E=D. 

5          +  '^" 

m  =  — 

0.01 

y^  R  A.  1856  March  5,  6*  =   F^  :=z  22   12   56 .74 

69*.  If  in  (69)  we  substitute  the  values 

a!  =  a^-^h 

(f  =€,  +  d 

&c. 
we  find 

in  which  the  law  of  the  coefficients  is  that  one  new  factor  is 
introduced  into  the  numerator  alternately  before  and  after  the 
other  factors,  observing  still  that  the  factors  decrease  by  unity 
from  left  to  right.  The  differences  employed  are  those  which  lie 
on  each  side  of  the  horizontal  line  drawn  immediately  above 
the  function  from  which  we  set  out. 
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If  in  the  preceding  formulse  we  employ  a  negative  value  of 
n  less  than  unity,  we  shall  obtain  a  value  of  the  function  between 
F  and  JP^,  and  in  that  case  (70)  is  more  convergent  than  (69).  In 
general,  if  we  set  out  from  that  function  which  is  nearest  to  the 
required  one,  we  shall  always  have  values  of  n  numerically  less 
than  J,  and  we  should  prefer  (69)  for  values  of  n  between  0  and 
+  J,  and  (70)  for  values  of  n  between  0  and  —  J. 

70.  If  we  take  the  mean  of  the  two  formulse  (69)  and  (70), 
and  denote  the  means  of  the  odd  differences  that  lie  above  and 
below  the  horizontal  lines  of  the  table,  by  letters  without  ac- 
cents, that  is,  if  we  put 

a  =  \{a^  +  a'\    c  =  J  ((?,  +  (/)  &c. 
we  have 
X.  .     T,  w»     .  (n+l)(n)(n— 1)     ,  (n+l)(n»)Cn--l)  ^  .   .     ,.,, 

^      ^2  2.3  2.3.4  ^ 

The  quantities  a,  c,  A;c.  may  be  inserted  in  the  table,  and  will 
thus  complete  the  row  of  difterences  standing  in  the  same  line 
with  the  function  from  which  we  set  out. 

The  law  of  the  coefficients  in  (71)  is  that  the  coefficient  of  any 
odd  difterence  is  obtained  from  that  of  the  preceding  odd  dif- 
ference by  introducing  two  factors,  one  at  the  beginning  and 
the  other  at  the  end  of  the  line  of  factors,  observing  as  before 
that  these  factors  are  respectively  greater  and  less  by  unity  than 
those  next  to  which  they  are  placed;  and  the  coefficients  of  the 
even  difterences  are  obtained  from  the  next  preceding  even 
difterences  in  the  same  manner.  The  factors  in  the  denominator 
follow  the  same  law  as  in  the  other  formulae. 

Example. — Find  the  moon's  right  ascension  for  1856  March  5, 
6*,  from  the  values  given  in  the  Ephemeris  for  noon  and  mid- 
night 

The  table  will  be  as  below: 
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]>•«  R.  A. 

1st  Diff. 

2dDiff. 

3d  Diff. 

4th  Diff. 

6th  Diff. 

Mar.  3,  12* 
«     4,    0 
«     4,  12 

20»28-17'.88 

20  58  57  .08 

21  29    2 .01 

+  30-29'.20 
30  4 .93 
29    26.38 

— 34'.27 
38.55 

— 4'.28 
—0.79 

+3'.49 

— 0'.33 

«     6,    0 

21  58  28 .39 

r+  »     6 .71] 

—  39.34 

(+0    .79] 

+  3.16 

[-0  .Ml 

"     6,  12 
"     6,    0 
"     6,  12 

22  27  15  .43 

22  55  25  .50 

23  23    3 .39 

28  47.04 
28  10.07 
27   37.89 

36.97 
32.18 

+  2.37 
+  4.79 

2.42 

—0.74 

Drawing  two  lines,  one  above  and  the  other  below  the  func- 
tion from  which  we  set  out,  and  then  filling  the  blanks  by  the 
means  of  the  odd  differences  above  and  below  these  lines  (which 
means  are  here  inserted  in  brackets),  we  have  presented  in  the 
same  line  all  the  difterences  required  in  the  formula  (71) ;  and 
we  then  have 


. 

F=  21» 

58- 

28'.89 

a  =  +  29-  6'.71,  A=  n             =        J, 

Aa=  + 

14 

83.36 

b=- 

39.34,5=1-            =+i, 

Bb=  — 

4.92 

c=  + 

0.79,  C=^.^=-V„ 

Cc=  — 

0.05 

d  =  + 

3.16,i)=i?.'^  =  -,a5, 

Dd=  — 

0.02 

e=- 

0.54,^=C.^  =  +  ,S„, 

Ee^- 

O.Ol 

jrw,  ^  22   12    56  .75 


agreeing  within  0*.01  with  the  value  found  in  the  preceding 
article.  Hansen  has  given  a  table  for  facilitating  the  use  of  this 
formula.     (See  his  Tables  de  la  Lane), 


71.  Another  form,  considered  by  Bessel  as  more  accurate  than 
any  of  the  preceding,  is  found  by  employing  the  odd  differences 
that  fall  next  below  the  horizontal  line  drawn  below  the  function 
from  which  we  set  out,  and  the  means  of  the  even  differences 
that  fall  next  above  and  next  below  this  line.     Thus,  if  we  put 
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and  combine  these  with  the  expressions 

we  deduce 

b  =  60  —  i  <f,  d  =:d^  —  }  e',  &c. 

which  substituted  in  (69)  give 

1.2  1.2.3  1.2.3.4  • 

(n+l)  n  (n— 1)  (n—2)  (n— J)    .      . 

+  ^ — — —  ^+  &c.         f  72^ 

^  1.2.3.4.5.  ^  ^^ 

To  facilitate  the  application  of  this  formula,  draw  a  horizontal 
line  under  the  function  from  which  the  interpolation  sets  out, 
and  another  over  the  next  following  function;  these  lines  will 
embrace  the  odd  diiferences  a',  c\  &c.  If  we  then  insert  in  the 
blank  spaces  between  these  lines  the  means  of  the  even  differ- 
ences that  fall  above  and  below  them,  we  shall  have  presented 
in  a  row  all  the  differences  to  be  employed  in  the  formula. 

Example. — ^Find  the  right  ascension  of  the  moon's  second 
limb  at  the  instant  of  its  transit  over  the  meridian  whose  longi- 
tude is  4*  42*^  19'  west  from  Greenwich,  on  May  15,  1851. 

The  right  ascensions  of  the  moon*s  bright  limb  at  the  instant 
of  its  upper  and  lower  transits  over  the  Greenwich  meridian,  are 
given  in  the  Ephemeris,  under  the  head  of  "Moon  Culminations." 
The  argument  in  this  case  is  the  longitude,  and  the  intervals  of 
the  argument  are  12*.  The  value  for  any  meridian  is  therefore 
to  be  obtained  by  interpolation,  taking  for  n  the  quotient  obtained 
by  dividing  the  given  longitude  (in  hours)  by  12*. 

We  take  from  the  British  Nautical  Almanac  the  following 
values : 


R.  A.  D '8  2d  limb. 

i0t  mn. 

2dIHff. 

SdDIff. 

4th  Dlff. 

6th  Dift: 

May  14,  U.  C. 
•*    15,  L.  C. 
"     15,  U.  C. 

15*  12«  39'.04 

15  41      8.41 

16  9    89.89 

+  28- 
28 

24«.87 
36.48 

+  12M1 
+    9.49 

—  2'.62 

— 1'.58 

28 

45.97 

[+T.39] 

-4.20 

r-1.42] 

+  0'.33 

«    16,  L.  C. 
**    16,U.  C. 
«*     17.  L.  C. 

16  38    25.86 

17  7    17.12 
17   86      8.22 

28 
28 

51.26 
51.10 

+    5.29 
—   0.16 

—  6.45 

—  1.25 
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For  interpolation  by  formula  (T2)  we  draw  a  horizontal  line 
below  the  function  from  which  we  set  out,  and  one  above  the 
next  following  function.  These  lines  enclose  the  odd  difterences 
regularly  occurring  in  the  table.  Inserting  in  the  blanks  in  the 
columns  of  even  difterences  the  means  of  the  numbers  above  and 
below,  all  the  differences  to  be  employed  in  the  formula  stand  in 
the  same  line,  namely : 

a'  =  +  1725'.97,  b^  =  +  7\S9,  c'  =  — 4'.20,  d^  =  —  VA2,  e'  =  +  0'.33 

As  n  is  here  not  a  simple  fraction,  the  computation  will  be 
most  conveniently  performed  by  logarithms,  as  follows : 

4*  42-  19-  =  16939-  log  4.2288878 

12*  =43200  log  4.6354837 


log^ 

=  log  »  = 

=  9.5934041 

n=      0.3921065 

9.59340         9.5934|         9.5934 

9.5934 

n  —  l  =  — 0.60789 

n9.78383 

n9.7838 

n9.7838 

n9.7838 

»  —  i  =— 0.10789 

n9.0330 

»9.0330 

n-2  =  — 1.6079 

»0.2063 

n0.2063 

n  + 1  =  + 1.3921 

0.1437 

0.1437 

Q)   9.69897 

(J)   9.2218 

(5',)  8.6198 

(^^5)7.9208 

(A)      9.5934041 

(B)n9.07620 

(C)  7.6320 

(Z>)  8.3470 

(.B)n6.6810 

te')      3.2370332 

(6,)  0.86864 
n9.94484 

(c')»0.6232 
n8.2552 

(<f,)n0.1523 

(e')    9.5185 

2.8304373 

n8.4993 

n6.1995 

Aa'  =       11-  16'.764 

J96,  =—           0.879 

(y  =—           0.018 

Dd„  =  —          0.032 

£^  =               0.000 

Increase  of  R.  A.             =       11   15.835 

R.A.  C 

Jreenwich  Cu 

ilm.  =16»    9-39'.890 

R.  A.  on  given  meridian  =  16*  20"  55'.725 

The  use  of  Bessel's  formula  of  interpolation  is  facilitated  bt  » 
table  in  which  the  values  of  the  coefficients  above  'denoted  1  y 
A,  B,  O,  D,  &c.,  and  also  their  logarithms,  are  given  with  the 
argument  n. 

72.  Interpolation  into  the  middle. — ^When  a  value  of  the  functif  n 
is  sought  corresponding  to  a  value  of  the  argument  which  is  a 
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mean  between  two  values  for  which  the  function  is  given,  that 
is,  when  n  =  J,  we  have  by  (72),  since  w  —  J  =  0, 

or,  since  F+ia'  =  i  {F+  F'\ 

J^«  =  K^+  ^0  -  4  iK  -  A  K  -  A  C/o  -  &c.)]]         (73) 

which  is  known  as  the  formula  for  interpolating  into  the  middle. 

When  the  third  differences  are  constant,  d^,  f^,  &c.  are  zero, 
and  the  rule  for  interpolating  into  the  middle  between  two  func- 
tions is  simply :  From  the  mean  of  the  two  functions  sid)tract  one- 
eighth  the  mean  of  the  second  differences  which  stand  against  the  func- 
tions. Interpolation  by  this  rule  is  correct  to  third  differences 
inclusive. 

The  formula  (73)  is  especially  convenient  in  computing  tables. 
Values  of  the  function  to  be  tabulated  are  directly  computed  for 
values  of  the  argument  differing  by  2rw ;  then  interpolating  a 
value  into  the  middle  between  each  two  of  these,  the  arguments 
now  differ  by  2**"*m?  ;  again  interpolating  into  the  middle  between 
each  two  of  the  resulting  series,  we  obtain  a  series  with  argu- 
ments differing  by  2r^ho ;  and  so  on,  until  the  interval  of  the 
argument  is  reduced  to  2"'~'"i£?  or  w. 

Example. — Find  the  moon's  right  ascension  for  1856  March 
5,  6*,  from  the  values  of  the  Ephemeris  for  noon  and  midnight. 

This  is  the  same  as  the  example  of  Art.  69 ;  but,  as  6^  is  the 
middle  instant  between  noon  and  midnight,  the  result  will  be 
obtained  by  the  formula  (73)  in  the  following  simple  manner. 
We  have  from  the  table  in  Art.  69 

6o  =  —  38M6        l(JF+  r)  =  22*  12-  51'.91 
d^  =  +  2'.79,      —  A ^0  =  —  0  52  38.68  X  i  =  +  4.83 

—  38.68  F^^=22  12  56.74 

73.  In  case  we  have  to  interpolate  between  the  last  two  values 
of  a  given  series,  we  may  consider  the  series  in  inverse  order, 
the  arguments  being  T^  T—w,  T—2w^  &c.,  T  being  the  last 
argument.  The  signs  of  the  odd  differences  will  then  be  changed, 
and,  taking  the  last  differences  in  the  several  columns  as  a,  6,  c,  d^ 
tc,  the  interpolation  will  be  effected  by  (68), 
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74.  The  interpolation  formvlx  arranged  according  to  the  powers  of 
the  frojctional  part  of  the  argument. 

When  several  values  of  the  function  are  to  be  inserted  between 
two  of  the  given  series,  it  is  often  convenient  to  employ  the 
formula  arranged  according  to  the  powers  of  n.  Performing  the 
multiplications  of  the  factors  indicated  in  (68),  and  arranging  the 
terms,  we  obtain 

i^«>  =  jP+n(a  —  i^  +  jc  —  Jd  +  ie  —  &c.) 


+  1-^4^"-'^  +  *") 

+  &c (74) 

where  the  difterences  are  obtained  according  to  the  schedule  in 
Art.  67. 

Transforming  (71)  in  the  same  manner,  we  have 

I^'^  =  F+n{a^ic  +  ^\e-  &c.) 

(c  —  1  e  +  &c.) 
id  —  &c.) 


1.2.3 
1.2.3.4 


n' 


5 


(e  —  &c.) 


' 1.2.3.4.5 
+  &c (75) 

where  the  diflFerences  a,  c,  e,  are  the  mean  interpolated  odd  dif- 
ferences in  the  line  of  the  function  F  of  the  schedule  Art.  69. 

75.  Derivatives  of  a  tabulated  function. — ^When  the  analytical  ex- 
pression of  a  function  is  given,  its  derivatives  may  be  directly 
found  by  successive  differentiation ;  but  when  this  expression  is 
not  known,  or  when  it  is  very  complicated,  we  may  obtain  values 
of  the  derivatives,  for  particular  values  of  the  variable,  from  the 
tabulated  values  of  the  functions  by  means  of  their  differences. 

Denoting  the  argument  by  T  +  wm?,  its  corresponding  function 
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by/(2'+m(7),  the  successive  derivatives  of  this  function  cor- 
responding to  the  same  value  of  the  argument  will  be  denoted 
by  f\T^nw\  f'\T+nw\  f'\T+  nw),  &c.,  and  f{T), 
f\T)j  f'\T)^  &c.,  will  denote  the  values  of  the  function  and 
its  derivatives  corresponding  to  the  argument  Ty  or  when  n  =  0. 
Hence,  if  we  regard  nw  as  the  variable,  we  shall  have,  by  Mac- 
laurin's  Theorem, 

/(T  +  nw)  =f{T)+  fXT)  nw  +  /"(T)^  +  &c. 

Comparing  the  coefficients  of  the  several  powers  of  n  in  this 
formula  with  those  in  (74),  we  have 

/'( T)  =  —  (a  -  J  6  +  J  c  -  W  +  i  e  -  Ac.) 
w 

f\T)=^  (6  _c  +  H  d-  J  c  +  Ac.) 

/"(r)=^(d-2c  +  &c.) 

/'(T)=ij-(e-&c.) 

&c.  &o (76) 

the  differences  being  taken  b&  in  Art.  67. 

Still  more  convenient  expressions  are  found  by  comparing 
Maclaurin's  Theorem  with  (76) ;  namely: 

fXT)  =i-  (a  -  J  c  +  ,',  e  -  &c.) 
w 

&c.  &c.  (77) 

the  differences  being  found  according  to  the  schedule  in  Art  69, 
and  the  odd  differences,  a,  e,  e,  &c.,  being  interpolated  means. 
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The  preceding  formnlse  determine  the  derivatives  for  the  value 
T  of  the  argument.  To  find  them  for  any  other  value,  we  have, 
by  difterentiating  Maclaurin's  Formula  with  reference  to  nw, 

fiT  +  nw)  =f\T)  +f"{T)  .  nw  +  if"(T) .  nV  +  &c.       (78) 

in  which  we  may  substitute  the  values  of  f{T)yf'{T)y  &c.  from 
(76)  or  (77). 

In  like  manner,  by  successive  differentiations  of  (78)  we  ob- 
tain 

f  (r+  nu?)  =/"  (T)  +/'"(r).  nw  +  if-  (T).  n^w^  +  &c. 
r'  (,T+nw)=r*{T)  +f-  (r).  nw  +  &c. 
&c.  &c. 

76.  An  immediate  application  of  (76)  or  (77)  is  the  compu- 
tation of  the  differences  in  a  vnii  of  time  of  the  functions  in  the 
Ephemeris;  for  this  difference  is  nothing  more  than  the  first 
derivative,  denoted  above  by  the  symbol  f. 

Example. — ^Pind  the  difference  of  the  moon's  right  ascension 
in  one  minute  for  1856  March  5,  0*. 

We  have  in  Art.  70,  for  T  =  March  5,  0*,  a  =  29-  6'.71, 
c  =  +  0'.79,  6  =  —  0'.54,  and  M?  =  12*  =  720'».  Hence,  by  the 
first  equation  of  (77), 

r(T)  =  ,^5  (29-  6'.71  —  0M3  —  0'.02)  =  2'.4258 

On  interpolation,  consult  also  Enckb  in  the  Jahrbuch  for  1830 
and  1837. 

STAR   CATALOGUES. 

77.  The  Nautical  Almanac  gives  the  position  of  only  a  small 
number  of  stars.  The  positions  of  others  are  to  be  found  in 
the  Catalogues  of  stars.  These  are  lists  of  stars  arranged  in 
the  order  of  their  right  ascensions,  with  the  data  from  which 
their  apparent  right  ascensions  and  declinations  may  be  ob- 
tained for  any  given  date. 

The  right  ascension  and  declination  of  the  so-called  fixed 
stars  are,  in  fact,  ever  changing:  1st,  by  precession,  nutation, 
and  aberration  (hereafter  to  be  specially  treated  of),  which  are 
not  changes  in  the  absolute  position  of  the  stars,  but  are  either 
changes  in  the  circles  to  which  the  stars  are  referred  by  sphe- 
rical co-ordinates  (precession  and  nutation),  or  apparent  changes 
arising  from  the  observer's  motion    (aberration);    2d,  by  the 
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proper  motion  of  the  stars  themselves,  which  is  a  real  change  of 
the  star's  absolute  position. 

In  the  catalogues,  the  stars  are  referred  to  a  mean  equator 
and  a  mean  equinox  at  some  assumed  epoch.  The  place  of  a 
star  so  referred  at  any  time  is  called  its  mean  place  at  that  time ; 
that  of  a  star  referred  to  the  true  equator  and  true  equinox, 
its  true  place ;  that  in  which  the  star  appears  to  the  observer  in 
motion,  its  apparent  place.  The  mean  place  at  any  time  will  be 
found  from  that  of  the  catalogue  simply  by  applying  the  preces- 
sion and  the  proper  motion  for  the  interval  of  time  from  the 
epoch  of  the  catalogue.  The  true  place  will  then  be  found  by 
correcting  the  mean  place  for  nutation ;  and  finally  the  appa- 
rent place  will  be  found  by  correcting  the  true  place  for  aber- 
ration. 

To  facilitate  the  application  of  these  corrections,  Bessel  pro- 
posed the  following  very  simple  arrangement.  He  showed 
that  if 

a^,  d^  z=i  the  star's  mean  right  asc.  and  dec.  at  the  beginning  of  the 
year, 
ayd=  the  apparent  right  asc.  and  dec.  at  a  time  r  of  that  year, 
r  =  the  time  from  the  beginning  of  the  year  expressed  in  decimal 
parts  of  a  year, 
fi^  y!  =  the  annual  proper  motion  of  the  star  in  right  asc.  and  dec. 
respectively, 

then, 

a  =  a^+  TfjL  +  Aa  +  Bb  +  Gc  +  Dd  +  E      \ 

d  =  d^+rfi'+  Aa'  +  BV  +  Cd+  Dd'  j      <^'^) 

in  which  a,  6,  c,  rf,  a',  6',  c',  rf'  are  functions  of  the  star's  right 
ascension  and  declination,  and  may,  therefore,  be  computed  for 
each  star  and  given  with  it  in  the  catalogue ;  -4,  -B,  C,  2),  J& 
are  functions  of  the  sun's  longitude,  the  moon's  longitude,  the 
longitude  of  the  moon's  ascending  node,  and  the  obliquity  of  the 
ecliptic,  all  of  which  depend  on  the  time,  so  that  A,  B^  C,  D,  E 
may  be  regarded  simply  as  functions  of  the  time,  and  given  in 
the  Nautical  Almanac  for  the  given  year  and  day;  £  is  a 
very  small  correction,  usually  neglected,  aa  it  can  never  ex- 
ceed 0'^05. 

K  the  catalogue  does  not  give  the  constants  a,  J,  c,  rf,  a',  6',  c', 
d',  they  may  be  computed,  for  the  year  1850,  by  the  following 
formulae  (see  Chap.  XI.  p.  648): 
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a  -=  46".077  +  20".056  sin  a  tan  d  a' =  2C".056  cos  a 

b  =  cos  a  tan  d  1/  =  —  sin  a 

c  =  cos  a  sec  ^  cf  =z  tan  £  cos  d  —  sin  o  sin  d 

r/  =  siu  a  sec  d  d*  =z  cos  a  sin  d 

in  which  e  =  obliquity  of  the  ecliptic.  Or  we  may  resort  to 
what  are  usually  called  the  independent  consiantSj  and  dispense 
with  the  a,  i,  e,  rf,  a',  i',  c',  d'  altogether,  proceeding  then  by 
the  formula 

a  =  aj,+  Tfi  +/  +^sin((y  +  a)tan<t+A8in(J+a)sec^l 

a  =  ^j^+  V+l  C0S^-f-^C0S((T  +  a)  4-Ac08(^+a)sind  j    ^      ^ 

the  independent  constants  /,  g^  (?,  A,  ^,  t  being  given  in  the 
Ephemeris,  together  with  the  value  of  r  for  the  given  date, 
expressed  decimally. 

It  should  be  observed  that  the  constants  a,  J,  c,  d,  a',  6',  c',  rf' 
are  not  absolutely  constant,  since  they  depend  on  the  right 
ascension  and  declination,  which  are  slowly  changing :  unless, 
therefore,  the  catalogue  which  contains  them  gives  also  their 
variations,  or  unless  the  time  to  which  we  wish  to  reduce  is  not 
very  remote  from  the  epoch  of  the  catalogue,  it  may  be  prefer 
able  to  use  the  independent  constants. 

In  forming  the  products  Aa^  Bb^  &c.,  attention  must  of  course 
be  paid  to  the  algebraic  signs  of  the  factors.  The  signs  of  -4,  -B, 
C,  D  are,  in  the  Ephemerides,  prefixed  to  their  logarithms ;  and 
the  signs  of  a,  6,  c,  &c.  are  in  some  catalogues  (as  that  of  the 
British  Association)  also  prefixed  to  their  logarithms;  but  I 
shall  here,  as  elsewhere  in  this  work,  mark  only  the  logarithms 
of  negative  factors,  prefixing  to  them  the  letter  n. 

It  should  be  remarked,  also,  that  the  B.  A.  C*  gives  the 

*  B.  A.  G. — BritUh  AaaoeiaHon  Catalogue^  containing  8377  stars,  distributed  in  all 
parts  of  the  hearens ;  a  very  useflil  work,  but  not  of  the  highest  degree  of  precision. 
The  Greenwich  Catalogues,  published  f^om  time  to  time,  are  more  reliable,  though 
less  comprehensive.  For  the  places  of  certain  fundamental  stars,  see  Bessel's 
Tabula  Regiomontanm  and  its  continuation  by  Wolfers  and  Zech. 

Lalande's  Hutoire  CiUtU  contains  nearly  50,000  stars,  most  of  which  are  em* 
braced  in  a  catalogue  published  by  the  British  Association,  reduced,  under  the 
direction  of  F.  Baily,  f^om  the  original  work  of  Lalande.  The  Konigsberg  Obserra- 
tions  embrace  the  series  known  as  Bessel's  Zones,  the  most  extensive  series  of 
obsenrations  of  small  stars  yet  published.  The  original  obseryations  are  given  with 
data  for  their  reduction,  but  an  important  part  of  them  is  given  in  Weisse'b  Pod" 
tionen  Mediae  SteUarum  fixarum  in  ZortU  Regiwnontania  a  Bessblio  inter — 15®  e<  -f-15® 
decUn.  observat,  containing  nearly  82,000  stars. 

See  also  Stbute*s  Catal,  generaliM^  and  the  catalogues  of  Aroelander,  Mmkir, 
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north  polar  distance  instead  of  the  declination,  or  t:^^-  90"  —  8^\ 
and,  since  n  decreases  when  8  increases,  the  corrections  change 
their  sign.  This  has  been  provided  for  by  changing  the  signs  of 
ft' J  a',  6',  c',  d'  in  the  catalogue  itself.  Moreover,  in  this  cata- 
logue, a,  6,  a',  6'  denote  Bessel's  c,  rf,  (?',  d\  and  vice  versa  ;  and 
to  correspond  with  this,  the  -4,  -B,  C,  D  of  the  British  Almanac 
denote  Bbssbl's  C,  Z),  -4,  B.  The  same  inversion  also  exists  in 
the  American  Ephemeris  prior  to  the  year  1865,  but  in  the  volumq 
for  1865  the  original  notation  is  restored. 

Example. — ^Find  the  apparent  right  ascension  and  declination 
of  a  Tauri  for  June  15,  1865,  from  Argelander's  Catalogue. 
This  star  is  Argel.  108 ;  whence  we  take  for 

Jan.  1,  1830.     Mean  R.  A.  =  4*  26»»  10».48  Mean  Decl.  =  -|-  16»    V  SS^.O 

Ann.  ptec.      =  +  8'  428 1  ^^^  ^  +  7".90 1       35 

Prop. moUon  =  -(- 0  . 006 i  ^  ^0  ,VJ  i  ^ 

=  -1-2   0.155  =   +   4  80  .55 

Jan.  1,  1865,  a^=  4  28  10.685  *5^  =  +  16  14  6  .66 

We  next  take  the  logarithms 

from  the  Catal 
from  Am.  Ephem, 
for  June  15,  1866, 
from  the  Catal. 


Corr.  of  a^  Aa  =:  +  2M08»     Bb  =  ^  0'.067,    Cc  ==  —  0».044,     Dd  ^^  1'.802 
Corr.  of  6^  Aa'  =  -f-  4".80,      Bb'  =  —  8".02,      Cc'  =:  —  0".26,      Dd:  =  -  2".22 

We  have  also  from  the  catalogue  /£  =  +  0'.005,  /i'  =  —  0".17. 
The  fraction  of  a  year  for  June  15,  1865,  is  r  =  0.46 ;  and  hence 

Jan.  1,  1865,  a,,  =  4*  28«  10».585  ''o  =  +  l^**  14'  6".56 

Sam  of  corr.  of  0^       =      4-      0.824  Sum  of  oorr.  of  f^o  =  —  5  .70 

Tft=.         +         0  .002  Tfl'  r=r  —  0  .08 

June  15,  1866  a  =  4  28    11  .411  rf  =  +16    14  0  .77 

78.  When  the  greatest  precision  is  required,  we  should  con- 
sider the  change  in  the  star's  place  even  in  a  fraction  of  a  day, 
and  therefore  also  the  change  while  the  star  is  passing  from  one 
meridian  to  another ;  also  the  secular  variation  and  the  changes 

PiAZZi,  Santini  ;  and  the  published  obaerrationB  of  the  principal  obaerratoriea.     See . 
also  a  liat  of  catalogues  in  the  introduction  to  the  B.  A.  C. 


logs. 

a  0.6852 

b     7.8794 

e    8.4329 

d    8.8058 

;;}  ^»«- 

A  9.7877 

B   0.9487 

(7n0.2125 

D  nl.8089 

logs. 

a'  0.8934 

b'  n9.9607 

c'    9.2019 

d    9.0878 

logs. 

Aa  0.8229 

Bb    8.8231 

Ce  n8.6454 

Dd  110.1147 

logs. 

Aa!  0.6811 

Bb'  n0.9044 

Cc'  n9.4144 

Dd!  110.8467 
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in  the  precession  and  in  the  logarithms  of  the  constants.  Fur- 
ther, it  is  to  be  observed  that  the  annual  precession  of  the  cata- 
logues is  for  a  mean  year  of  365**  5*.8.  But  for  a  fuller  consider- 
ation of  this  subject  see  Chapter  XI. 


CHAPTER    III. 

FIGURE   AND  DIMEN-SIONS  OP  THE  EARTH. 

79.  The  apparent  positions  of  those  heavenly  bodies  which  are 
\vithin  measurable  distances  from  the  earth  are  difterent  for  ob- 
servers on  different  parts  of  the  earth's  surface,  and,  therefore, 
before  we  can  compare  observations  taken  in  different  places  we 
must  have  some  knowledge  of  the  form  and  dimensions  of  the 
earth.  I  must  refer  the  reader  to  geodetical  works  for  the 
methods  by  which  the  exact  dimensions  of  the  earth  have  been 
obtained,  and  shall  here  assume  such  of  the  results  as  I  shall 
have  occasion  hereafter  to  apply. 

The  figure  of  the  earth  is  very  nearly  that  of  an  ohlate  spheroid^ 
that  is,  an  ellipsoid  generated  by  the  revolution  of  an  ellipse 
about  its  minor  axis.  The  section  made  by  a  plane  through  the 
earth's  axis  is  nearly  an  ellipse,  of  which  the  major  axis  is  the 
equatorial  and  the  minor  axis  the  polar  diameter  of  the  earth. 
Accurate  geodetical  measurements  have  shown  that  there  are 
small  deviations  from  the  regular  ellipsoid ;  but  it  is  sufficient 
for  the  purposes  of  astronomy  to  assume  all  the  meridians  to  be 
ellipses  with  the  mean  dimensions  deduced  from  all  the  measures 
made  in  various  parts  of  the  earth. 

80.  Let  EPQP',  Fig.  11,  be  one  of  the  elliptical  meridians  of 
the  earth,  EQ  the  diameter  of  the  equator,  PP'  the  polar 
diameter,  or  axis  of  the  earth,  C  the  centre,  1!  a  focus  of  the 
ellipse.    Let 

fl  =  the  semi-major  axis,  or  equatorial  radius,  ^  CEf 
b  =  the  semi-minor  axis,  or  polar  radius,         =  CP, 
e  =the  compression  of  the  earth, 
e  =  the  eccentricity  of  the  meridian. 
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By  the  compression  is  meant  the  difference  of  the  eqaatorial 

and  polar  radii  expressed  in  parts 
of  the  equatorial  radius  as  unity,  or 


Pig.  11. 


a  a 

The  eccentricity  of  the  meridian  is 
jg^    the  distance  of  either  focus  from 
the  centre,  also  expressed  in  parts 
of  the  equatorial   radius,   or,  in 
Fig.  11, 


c  = 


CF 
CE 


But,  eince  PF=  CE,  we  have, 


that  is, 


C^^ 


CE^ 


=  1 


Fd^ 


CE^ 


e*  =  l  — -  =  1  — (1— c)» 


or 


6=|/2c  — c* 


(81) 


By  a  combination  of  all  the  most  reliable  measures,  Bessel 
deduced  the  most  probable  form  of  the  spheroid,  or  that  which 
most  nearly  represents  all  the  observations  that  have  been  made 
in  different  parts  of  the  world.    He  found* 


b  ^^       ^  ^  298.1528 
a  ^  ""  299.1528 


or 


c  = 


whence,  by  (81), 

log  €  =  8.912205 


299.1528 
e  =  .0816967 

log  |/(1  —  ee)  =  9.9985458 


*  ABtronomitehe  Nachriehten^  No.  488.    See  also  Encke*8  Tables  of  the  dimensions 
of  the  terrestrial  spheroid  in  the  Jahrbueh  iot  1862. 
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The  absolute  lengths  of  the  semi-axes,  according  to  Bessbl,  are, 

a  =  6377397.15  metres  =  6974532.34  yds.  =  3962.802  miles 
6=6356078.96      **       =6951218.06    «     =3949.555    " 

81.  To  find  the  reduction  of  the  latitude  for  the  compression  of  the 
earth. 

Let  j4,  Fig.  11,  be  a  point  on  the  surface  of  the  earth;  AT  the 
tangent  to  the  meridian  at  that  point ;  -40,  perpendicular  to  A  T, 
the  normal  to  the  earth's  surface  at  A.  A  plane  touching  the 
earth's  surface  at  A  is  the  plane  of  the  horizon  at  that  point 
(Art.  3),  and  therefore  -40,  which  is  perpendicular  to  that  plane, 
represents  the  vertical  line  of  the  observer  at  A.  This  vertical 
line  does  not  coincide  with  the  radius,  except  at  the  equator  and 
the  poles.  If  we  produce  CS,  0-4,  and  C!4  to  meet  the  celestial 
sphere  in  jE?',  Zj  and  Z'  respectively,  the  angle  ZO'E'  is  the 
declination  of  the  zenith,  or  (Art.  7)  the  geograiMcal  latitude^  and 
^is  the  geographical  zenith ;  the  angle  Z'CE'  is  the  declination 
of  the  geocentric  zenith  Z\  and  is  called  the  geocentric  or  reduced 
^  latitude;  and  ZAZ'  =  C40  is  called  the  reduction  of  the  latitude. 
It  is  evident  that  the  geocentric  is  always  less  than  the  geogra- 
phical  latitude. 

Now,  if  we  take  the  axes  of  the  ellipse  as  the  axes  of  co-ordi- 
nates, the  centre  being  the  origin,  and  denote  by  x  the  abscissa, 
and  by  y  the  ordinate  of  any  point  of  the  curve,  by  a  and  b  the 
semi-major  and  semi-minor  axes  respectively,  the  equation  of 
the  ellipse  is 

•-+i^  =  l 


If  we  put 


f  =  the  geographical  latitude, 
«p'  =  the  geocentric  " 


we  have,  since  ip  is  the  angle  which  the  normal  makes  with  the 
axis  of  abscissae, 

dx 

tan  f  = 

dy 

and  from  the  triangle  A  CB^ 

tan  f '  =  ^ 

X 
Vol.  I.— 7 
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Differentiating  the  equation  of  the  ellipse,  we  have 

y  __6«   dx 

X  a'    dy 

or 

tan  /  =  —  tan  sp  =  (1  —  c*)  tan  f  (82) 

a" 

which  determines  the  relation  between  ^  and  ^ '. 

To  find  the  difference  ^  —  y ',  or  the  reduction  of  the  latitude, 
we  have  recourse  to  the  general  development  in  series  of  an 
equation  of  the  form 

tan  X  =p  tan  y 

which  [PL  Trig.  Art.  254]  is 

x  —  y  =  jf  sin  2y  +  i  jf*  sin  4y  -}-  &a 
In  which 

q  =^ 

Applying  this  to  the  development  of  (82),  we  find,  after  divid- 
ing by  sin  V^  to  reduce  the  terms  of  the  series  to  seconds, 

in  which 

.p  — 1      1— g«— 1  <?» 

Employing  Bessel's  value  of  €,  we  find 

^  =  690".66 ^ —  =  —  1M6 


sin  r  2  sin  1" 

and,  the  subsequent  terms  being  insensible, 

^  —  ^'  =  690".65  sin  2^  —  I'MB  sin  4^  (88*) 

by  which  ^  —  y'  is  readily  computed  for  given  values  of  f .  Its 
value  will  be  found  in  our  Table  IH  Vol.  EL  for  any  given 
value  of  f . 

Example.— Find  the  reduced  latitude  when  f  =  86°.    We  find 
by  (88),  or  Table  m., 

^  —  ^  =  648".25  ==  10'  48".26 

and  hence  the  reduced  or  geocentric  latitude 

^  =  340  49^  11".76 
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82.  To  find  the  radius  of  the  terrestrial  spheroid  for  a  given  latitude. 
Let 

p  =  the  radius  for  the  latitude  ^  =  AC 
We  have 


To  express  x  and  y  in  terms  of  ^^  we  have  from  the  equation  of 
the  ellipse  and  its  differential  equation,  after  substituting  1  —  ^ 

for  — » 

-^  =  (1  —  e«)  tan  ^ 

X 

fix>m  which  by  a  simple  elimination  we  find 

a  cos  ^ 

~  l/(l  —  tf»  BinV) 

(1  — e^  g  BJny 

^~|/(1— e»  sinV) 


and  hence 


by  which  the  value  of  p  may  be  computed.    The  logarithm  of 
py  putting  a  =  1,  is  given  in  our  Table  HL  Vol.  11. 

But  the  logarithm  of  p  may  be  more  conveniently  found  by  a 
series.    K  in  (84)  we  substitute 

sinV  =  J  (1  —  cos  2f) 
we  find,  putting  a  =  1, 

fp +/^  + (1-/0  cos  2y1 
^        \Ll+/»  +  (l-/«)C08  2fJ 


Now  (PI.  Trig.  Art  260)  if  we  have  an  expression  of  the  form 
jr=  i/O-  +  m*-^2m  cos  C)  (^) 
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we  have,  if  M=  the  modulus  of  the  common  system  of  loga- 
rithms, 

log  Jr=— Jtflmcos  CH 1 h&c-j      (B) 

by  which  we  may  develop  the  logarithms  of  the  numerator  and 
denominator  of  the  above  radical. 
Hence  we  find 

log  p  =  log  +  mI  (m  —  m')  cos  2^ "^ —  cos  4f 


cos 


8 
in  which  we  have  put  for  brevity 


6f>  — &c.  I 


1+/'  1+/ 

Restoring  the  value  of  /  =  i/(l  —  6*)  and  computing  the 
numerical  values  of  the  coefficients,  we  find 

log  p  =  9.9992747  +  0.0007271  cos  2f>  —  0.0000018  cos  4^     (85) 

as  given  by  En'CEE  in  the  Jahrbuch  for  1852. 

The  values  of  p  and  y>'  may  also  be  determined  undet  another 
form  which  will  hereafter  be  found  useful. 

We  have  in  Fig.  11,  p  sin  f'  =y^p  cos  f '  =  ac,  or 

,  a  cos »  r      V    ^ 

p  cos  V  = — = — 

^        ^       V^(l— e»sinV) 

which  may  be  put  under  a  simple  form  by  introducing  an  auxi- 
liary 1^,  so  that 

Isin  4  =3=  e sitii(»  1 

P  sin  ^'  =r  a  (1  —  e")  sin  f>  sec  +  >     (87) 

/)  cos  9/  =  a  cos  f  sec  4  J 

We  caA  also  deduce  from  these, 


p  sin  (f  —  /)  s=  }  ae*  isin  2f  sec  4 
P  COB  (f  —  V)  =  «  cos  ♦ 


}     (88) 
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Hence^  also,  the  following: 

p==aJ(—r^2Lf-—.)  (89> 

'^  W  COS  f)'  COS  (sB  —  f  )  / 

88.  To  find  the  Imgth  of  the  normaJt  terminating  in  the  gxtsyfor  a 
given  latitude. 

Putting 

If  =  the  normal  =  AO  (Fig.  11), 

^e  have  evidently 

COS  ^  ]/(l  —  e'  sin*  f>) 

or,  employing  the  auxiliary  4^  of  the  preceding  article, 

JV  =  a  sec  + 

84.  To  fiyul  the  distance  from  the  centre  to  the  intersection  of  the 
normal  with  the  axis. 

Denoting  this  distance  by  ai  (so  that  i  denotes  the  distance 
when  a  =  1),  we  have  in  Pig.  11, 

ai :«  CO 
and,  firom  the  triangle  ACOj 


pr,  by  (88) 


^.  ^  p  sin  (y  —  yp 
cos  ^ 


a&  sin  fl»  ,   .  ,^^^ 

a%  =  — 77T- — ^   .  ,   V  -^  ae"  sin  ^p  sec  4  (91) 

|/(1  -^  e*  sin*  f>)  r        ▼  \    J 

iSS.  7b  ^Tirf  ^A^  radius  of  curvature  of  the  terrestrial  meridian  for  a 
given  latitude^ — ^Denoting  this  radius  by  ii,  we  have,  from  the  dif- 
ferential calculus, 

where  we  employ  the  notation  D^g,  Df  g  to  denote  the  first 
and  second  differential  coefficients  of  g  relatively  to  x.  We 
liave  frona  the  equation  of  the  ellipse 

^  b*      X  ^  6* 


a"  '    y  ■  ^  a*y* 
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whence 

Observing  that  i'  =  a*  (1  —  e*),  we  find,  by  substituting  the  valuep^ 
of  z  and  y  in  terms  of  f  (p.  99), 

(1  —  c»  8in«  y)t  ^    ^ 

Example. — ^Find  the  radius  of  curvature  for  the  latitude  of 

Greenwich,  f  =  61^  28'  88"-2,  taking  a  =  6877897  metres.    We 

find 

B  =  6873850  metres. 

86.  Abnormal  deviatiom  of  the  plumb  line. — Granting  the  geo- 
metrical figure  of  the  earth  to  be  that  of  an  ellipsoid  of  revolu- 
tion whose  dimensions,  taking  the  mean  level  of  the  sea,  are  as 
given  in  Art.  80,  it  must  not  be  inferred  that  the  direction  of  the 
plumb  line  at  any  point  of  the  surface  always  coincides  precisely 
with  the  normal  of  the  ellipsoid.  It  would  do  so,  indeed,  if  the 
earth  were  an  exact  ellipsoid  composed  of  perfectly  homoge- 
neous matter,  or  if,  originally  homogeneous  and  plastic,  it  has 
assumed  its  present  form  solely  under  the  influence  of  the 
attraction  of  gravitation  combined  with  the  rotation  on  its  axis. 
But  experience  has  shown*  that  the  plumb  line  mostly  deviates 
from  the  normal  to  the  regular  ellipsoid,  not  only  towards  the 
north  or  south,  but  also  towards  the  east  or  west ;  so  that  the 
apparent  zenith  as  indicated  by  the  plumb  line  differs  from  the 
true  zenith  corresponding  to  the  normal  both  in  declination  and 
right  ascension.  These  deviations  are  due  to  local  irregularities 
both  in  the  figure  and  the  density  of  the  earth.  Their  amount  is, 
however,  very  small,  seldom  reaching  more  than  8"  of  arc  in 
any  direction. 

In  order  to  eliminate  the  influence  of  these  deviations  at  a 
given  place,  observations  are  made  at  a  number  of  places  as 
nearly  as  possible  symmetrically  situated  around  it,  and,  as- 
suming the  dimensions  of  the  general  ellipsoid  to  be  as  we  have 
given  them,  the  direction  of  the  plumb  line  at  the  given  place  is 
deduced  from  its  direction  at  each  of  the  assumed  places  (by 

^  .  ■  .  .  .  ,       m 

*  0.S.  Coast  Surrey  Beport  for  1S58,  p.  14*. 
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the  aid  of  the  geodetic  meaeures  of  its  distance  and  direction 
from  each) ;  or,  which  is  the  same  thing,  the  latitude  and  longi« 
tude  of  the  place  are  deduced  fr^m  those  of  each  of  the  assumed 
places :  then  the  mean  of  all  the  resulting  latitudes  is  the  geodetic 
latitude^  and  the  mean  of  all  {he  resulting  longitudes  is  the^eoc&tic* 
longitude^  of  the  place.  These  quantities,  then,  correspond  as 
nearly  as  possible  to  the  true  normal  of  the  regular  ellipsoid ; 
the  geodetic  latitude  being  the  angle  which  this  normal  makes 
with  the  plane  of  the  equator,  and  the  geodetic  longitude  being 
the  angle  which  the  meridian  plane  containing  this  normal 
makes  with  the  plane  of  the  first  meridian.  The  geodetic  lati- 
tude is  identical  with  the  geographical  latitude  as  we  have  defined 
it  in  Art  81. 

The  astronomical  latitude  of  a  place  is  the  declination  of  the 
apparent  zenith  indicated  by  the  actual  plumb  line ;  but,  unless 
when  the  contrary  is  stated,  it  will  be  hereafter  understood  to  be 
identical  with  the  geographical  or  geodetic  latitude. 

It  has  recently  been  attempted  to  show  that  the  earth  differs 
sensibly  fi^m  an  ellipsoid  of  revolution  ;*  but  no  deduction  of 
this  kind  can  be  safely  made  until  the  anomalous  deviations  of 
the  plumb  line  above  noticed  have  been  eliminated  from  the 
discussion^ 


CHAPTER   IV, 

BEDUCnON  OP  OBSERVATIONS  TO  THE  CENTRE  OP  THE  EARTH. 

87.  Thb  places  of  stars  given  in  the  Ephemerides  are  those  in 
wMch  the  stars  would  be  seen  by  an  observer  at  the  centre  of 
the  earth,  and  are  csJled  geocentriCy  or  truCy  places.  Those  observed 
from  the  surface  of  the  earth  are  called  observed^  or  apparenty 
places. 

It  must  be  remarked,  however,  that  the  geocentric  places  of 
the  Ephemeris  are  also  called  apparent  places  when  it  is  intended 

*  See  AMtr.  Naeh.  No.  1808. 
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to  distinguish  them  from  mean  places,  a  distinction  which  will 
be  considered  hereafter  (Chap.  XI.). 

It  will  also  be  noticed  that  we  frequently  use  the  terms  true 
and  ajpparerU  as  relative  terms  only;  as,  for  example,  in  treating 
of  the  effect  of  parallax,  the  place* of  a  star  as  seen  from  the 
centre  of  the  earth  may  be  called  true,  and  that  in  which  it 
would  be  seen  from  the  surface  of  the  earth  were  there  no 
atmosphere,  may  in  relation  to  the  former  be  called  apparent; 
but  in  considering  the  effect  of  refraction,  the  star's  place  as  it 
would  be  seen  from  the  surface  of  the  earth  were  there  no  atmo- 
sphere may  be  called  true,  and  the  place  as  affected  by  the  re- 
fraction may  in  relation  to  the  former  be  called  apparent;  and 
similarly  in  other  cases. 

PARALLAX. 

88.  The  parallax  of  a  star  is,  in  general,  the  difference  of  the 
directions  of  the  straight  lines  drawn  to  the  star  from  two  different 
points.  The  difference  of  direction  of  two  straight  lines  being 
simply  the  angle  contained  between  them,  we  may  also  define 
parallax  as  the  angle  at  the  star  contained  by  the  lines  drawn  to 
the  two  points  from  which  it  is  supposed  to  be  viewed, 

In  astronomy  we  frequently  use  the  term  parallax  to  express 
the  difference  of  altitude  or  of  zenith  distance  of  a  star  seen 
from  the  surface  and  the  centre  of  the  earth  respectively; 
and,  in  order  to  express  parallax  in  respect  to  other  co-ordi- 
nates, proper  qualifying  terms  are  added,  as  "  parallax  in  decli- 
nation," &c. 
Assuming  (at  first)  the  earth  to  be  a  sphere,  let  J.,  Fig.  12,  be 
the  position  of  the  observer  on  its  surface, 
C  the  centre,  CAZ  the  vertical  line,  and  S  a 
star  within  a  measurable  distance  CIS  from 
the  centre.  AH'y  a  tangent  to  the  surface 
at  j1,  and  CjH,  parallel  to  it,  drawn  through 
the  centre,  may  each  be  regarded  as  Ijdng 
in  the  plane  of  the  celestial  horizon  (note, 
p.  19).  The  true  or  geocentric  altitude  of 
the  star  above  the  celestial  horizon  is  then 
the  angle  <SCff,  and  the  apparent  altitude  is 
the  angle  SAS\  In  this  case  the  directions  of  the  star  from  C 
and  from  A  are  compared  with  each  other  by  referring  them  to  two 
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fines  which  have  a  eommon  direetion,  i.e.  parallel  lines.  But  a 
still  more  direct  method  of  comparison  is  obtained  by  referring 
them  to  one  and  the  same  straight  line,  as  CAZy  Z  being  the 
zenith.  We  then  call  ZCS  the  true  and  ZAS  the  apparent 
zeuith  distance,  and  these  are  evidently  the  complements  of  the 
true  and  apparent  altitudes  respectively. 
In  the  figure  we  have  at  once 

ZAB—ZCS=A80 

that  is,  the  parallax  in  zenith  distance  or  altitude  is  the  angle 
at  the  star  subtended  by  the  radius  of  the  earth.  When  the  star 
is  in  the  horizon,  as  at  H'^  the  radius,  being  at  right  angles  to 
AH\  subtends  the  greatest  possible  angle  at  the  star  for  the  same 
distance,  and  this  maximum  angle  is  called  the  harizmial  parallax. 
The  equatorial  horizontal  parallax  of  a  star  is  the  maximum  angle 
subtended  at  the  star  by  the  equatorial  radius  of  the  earth. 

89.  To  find  the  equatorial  horizontal  parallax  of  a  star  at  a  given 
distance  from  the  centre  of  the  earth. 
Let 

TT  =  the  equatorial  horizontal  parallax, 

J  =  the  given  distance  of  the  star  from  the  earth's  centre^ 

a  =  the  equatorial  radius  of  the  earth, 

we  have  from  the  triangle  CAH^  in  Fig*  12,  if  CA  is  the 
equatorial  radius. 


Sm  IT  :;;=  _ 


«  (93) 


The  value  of  n  given  in  the  Ephemeris  is  always  that  which  is 
given  by  this  formula  when  for  J  we  employ  the  distance  of  the 
star  at  the  instant  for  which  the  parallax  is  given. 

90.  To  find  the  parallax  in  altitude  or  zenith  distanccy  the  earth  being 
regarded  as  a  sphere. 

Let 

C  =  the  true  zenith  distance  =  ZCS  (Fig.  12), 

C'  =  the  apparent  zenith  distance  =  ZAS, 
p  =  the  parallax  in  alt.  or  z.  d.     =  CSA. 
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The   triangle   SAC  gives,  observing   that  the  angle  SAC 

==180^  — CS 

siny 


:  -r  =  sinir 


or. 
If  we  put 


sin  C'  ■"  -4 
sinp  =  sin  (C  —  C)  =  sin  w  sin  C'  (W) 


h  =  the  true  altitude^ 

h'  =  the  apparent  altitade, 

then  it  follows  also  that 

sin  j>  =  sin  (A  —  h')  =  sin  «  cos  h'  (96) 

Except  in  the  case  of  the  moon,  the  parallax  is  so  small  that  we 
may  consider  n  and  p  to  be  proportional  to  their  sines  [VI.  Trig* 
Art  55];  and  then  we  have 

jp  =  ff  sin  C  =  TT  cos  h!  (96) 

Since  when  f '  =  90®  we  have  sin  ^^  =  1,  and  when  f '  =  0,  sin 
f '  =  0,  it  follows  that  the  parallax  is  a  maximum  when  the  star 
is  in  the  horizon,  and  zero  when  the  star  is  in  the  zenith. 

Example. — Given  the  apparent  zenith  distance  of  Venus, 
f'  =  64°  43',  and  the  horizontal  parallax  jr  =  20'' .0;  find  the 
geocentric  zenith  distance. 


r  =  64<»  43'  0"0 
i)=             18.1 

log*    1.8010 

log  sin  C    9.9568 

logp     1.2578 

C  =  64  42  41.9 

When  the  true  zenith  distance  is  given,  to  compute  the  paral- 
lax, we  may  first  use  this  true  zenith  distance  as  the  apparent, 
and  find  an  approximate  value  of  p  by  the  formula p  =  7c  sin  (^; 
then,  taking  the  approximate  value  of  f '  =  f  +  ;>,  we  compute  a 
more  exact  value  of  p  by  the  formula  (94)  or  (96).  This  second 
approximation  is  unnecessary  in  all  cases  except  that  of  the 
moon,  and  the  parallax  of  the  moon  is  so  great  that  it  becomes 
necessary  to  take  into  account  the  true  figure  of  the  earth,  as  in 
the  following  more  general  investigation  of  the  subject 

91.  In  consequence  of  the  spheroidal  figure  of  the  earth,  the 
vertical  line  of  the  observer  does  not  pass  through  the  centre, 
and  therefore  the  geocentric  zenith  distance  cannot  be  directly 
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referred  to  this  line.  If,  however,  we  refer  it  to  the  radius  drawn 
from  the  place  of  observation  (or  CAZ',  Fig.  11),  the  zenith  dis- 
tance is  that  measured  from  the  geocentric  zenith  of  the  place; 
whereas  it  is  desirable  to  use  the  geographical  zenith.  Hence 
we  shall  here  consider  the  geocentric  zenith  distance  to  be  the 
angle  which  the  straight  line  drawn  from  the  centre  of  the  earth 
to  the  star  makes  with  the  straight  line  drawn  through  the  centre 
of  the  earth  parallel  to  the  vertical  line  of  the  observer*  These  two 
vertical  lines  are  conceived  to  meet  the  celestial  sphere  in  the 
same  point,  namely,  the  geographical  zenith,  which  is  the 
common  vanishing  point  of  all  lines  perpendicular  to  the  plane 
of  the  horizon.  Thus  both  the  true  and  the  apparent  zenith 
distances  will  be  measured  upon  the  celestial  sphere  from  the 
pole  of  the  horizon. 

The  azimuth  of  a  star  is,  in  general,  the  angle  which  a  vertical 
plane  passing  through  .the  star  makes  with  the  plane  of  the  meri- 
dian. When  such  a  vertical  plane  is  drawn  through  the  centre 
of  the  earth,  it  does  not  coincide  with  that  drawn  at  the  place  of 
observation,  since,  by  definition  (Art.  3),  the  vertical  plane  passes 
through  the  vertical  line,  and  the  vertical  lines  are  not  coincident. 
Hence  we  shall  have  to  consider  a  parallax  in  azimuth  as  well  as 
in  zenith  distance. 

92.  To  find  the  paraUaz  of  a  star  in  zenith  distance  and  azimuth 
when  the  geocentric  zenith  distance  avd  azimuth  are  given,  and  the  earth 
is  regarded  as  a  spheroid."^ 

Let  the  star  be  referred  to  three  co-ordinate  planes  at  right 
angles  to  each  other :  the  first,  the  plane  of  the  horizon  of  the 
observer;  the  second,  the  plane  of  the  meridian;  the  third,  the 
plane  of  the  prime  vertical.  Let  the  axis  of  x  be  the  meridian 
line,  or  intersection  of  the  plane  of  the  meridian  and  the  plane 
of  the  horizon ;  the  axis  of  y,  the  east  and  west  line ;  the  axis 
of  ^,  the  vertical  line.  Let  the  positive  axis  of  x  be  towards  the 
south;  the  positive  axis  of  y,  towards  the  west;  the  positive 
axis  of  Zy  towards  the  zenith.    Let 

J'  r=:  the  distance  of  the  star  from  the  origin,  which  is 

the  place  of  observation, 
C  =  the  apparent  zenith  distance  of  the  star, 
A'  =  the  apparent  azimuth     "  "  " 

*  The  inyestigation  whioh  foQowB  is  nearly  the  same  as  that  of  Olbibs^  to  whom 
the  method  itself  is  due. 
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then,  7*  y\  z*  denoting  the  co*ordinat68  of  the  star  in  this  system, 
we  have,  by  (39), 

a/  =  J*  iin  r  cos  A' 
^  =z  ^  sin  f!  sin  A' 
js'  =  J'  cos  r 

Again,  let  the  star  be  referred  by  rectangular  co-ordinates  to 
another  system  of  planes  parallel  to  the  former,  the  origin  now 
being  the  centre  of  the  earth.  lu  the  celestial  sphere  these 
planes  still  represent  the  horizon,  the  naeridiani  and  t^e  prince 
verticaL    If  then  in  this  system  we  put 

J  =z  the  distance  of  the  star  IVom  the  origin, 
C  =  the  true  zenith  distance  of  the  star, 
A  =  the  true  azimuth  <<        *< 

and  denote  the  co-ordinates  of  the  star  in  this  system  by  x,  y> 
and  ^,  we  have,  as  before, 

re  =  J  sin  C  cos  J. 
y  =  J  sin  C  sin  A 
j2r  =  J  cos  C 

Now,  the  co-ordinates  of  the  place  of  observation  in  this  last 
system,  being  denoted  by  a,  6,  c,  we  have 

a  =  /»  sin  (s?  —  f>0         i  =  0  c  =  /»  cos  (f  —  f ') 

in  which  p  =  the  earth's  radius  for  the  latitude  y  of  the  place  of 
observation,  and  f) '  is  the  geocentric  latitude,  ip-r-  f'  being  the 
reduction  of  the  latitude.  Art.  81 ;  and  the  formula^  of  transforms^ 
tion  from  this  second  system  to  the  first  are  (Art  33) 

or,  af  =x  —-a         y^  =  y  —b         :if  z=  z  ^  e 

whence,  substituting  the  above  values  of  the  co-ordinates, 

J'  sin  C'  cos  A'  =  J  sin  C  cos  ii  -r-  /»  sin  (f  —  fp')  \ 

J'  sin  C  sin  A'  =  J  sin  C  sin  J.  >     (97) 

J'  cos  C*  =  J  cos  C  r^  />  cos  (y  —  fp')  ) 

which  are  the  general  relations  between  the  true  and  apparent 
zenith  distances  and  azimuths.  All  the  quantities  in  the  second 
members  being  given,  the  first  two  equations  determine  J'sin  {^', 
and  A '  \  and  then  from  this  value  of  J'sin  f',  and  that  of  J'cos  C' 
given  by  the  third  equation,  J'  and  C'  are  determined. 
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But  it  is  convenient  to  introduce  the  horizontal  parallax 
instead  of  J.  For,  if  we  put  the  equatorial  radius  of  the  earth 
=  1,  we  have 

1 

sin  ?r  =  — 
J 

and  hence,  if  we  divide  the  equations  (97)  hy  J,  and  put 

\re  have 

/  sin  C  cos  A'  =  sin  C  cos  il  —  p  sin  k  sin  (^  —  ^)       ^ 

/sin  a  sin  A*  =  sin  C  sin  A  v     (^8) 

/  cos  C  =  cos  C  —  p  Bin  ft  cos  (f  —  ^)      ) 

To  obtain  expressions  for  the  difference  between  f  and  f  ^  and 
between  A  and  A'j  that  is,  for  the  parallax  in  zenith  distance 
and  azimuth,  multiply  the  first  equation  of  (98)  by  sin  A^  the 
second  by  cos  -4.,  and  subtract  the  first  product  from  the  second ; 
again,  multiply  the  first  by  cos  A^  the  second  by  sin  Aj  and  add 
the  products:  we  find 

/  sin  C  sin  {A'  —  ii)  =  /b  sin  tt  sin  (^  —  ^')  sin  A  1 

/  sin  C'  cos  {A'  —  il)  =  sin  C  —  p  sin  n  sin  {^  —  f ')  Cos  A      j      ^  ^ 

Multiplying  the  first  of  these  by  sin  J  (-4'  —  -4),  the  second  by 
cos  J  {A'  —A)y  and  adding  the  products,  we  find,  after  dividing 
the  sum  by  cos  ^  {A^  —  A)y 

-  .    ^        .    •  .        .    X  ,^  cos }  (A'  +  il) 

/sm  r  =  sm  C  —  /t>  sin  tt  sin  (f  —  /) ^;  ./^   .( 

cos  i  (^A  —  A) 

which  with  the  third  equation  of  (98)  will  determine  {;'. 

If  we  assume  y  such  that 

.  .       .  ,.  cos }  (A'  +  A)  .-^^ 

we  have  the  following  equations  for  determining  Z' : 

/  sin  C*  =  Bin  C  —  /»  sin  jt  cos  (f  —  ^ ')  tan  ;» 
/  cos  C*  =  cos  C  —  /!>  sin  JT  cos  (y  —  y') 

which,  by  the  process  employed  in  deducing  (99),  give 
/sinC-C)^  p  Bint  COB  (_f-^)^^^L^^ 

/  cos  cr  -  0  =  1  -  A.  sin « cos  (f  - /)  52!^j:> 


}    (101) 


(102) 
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By  multiplying  the  first  of  these  by  sin  ^  ({;'  —  f ),  the  second 
by  cos  ^  (C'  —  {;),  and  adding  the  prodacts,  we  find,  after  dividing 
bycosJ(C'~a 

-_,j       p  sin  IT  cos  (y  —  /)  cos  [Kf  +  Q  —  r] 
cos  y  cos  J  (C*  —  C) 
or  multiplying  by  J, 

J'  =  J      />  cos  (y  -  s^QcoB  [>  JC  +  O-rl  ,iQ8) 

cos  y  COS  J  (C*  —  C) 

The  equations  (99)  determine  rigorously  the  parallax  in 
azimuth ;  then  (100)  and  (102)  determine  the  parallax  in  zenith 
distance,  and  (108)  the  distance  of  the  star  from  the  observer. 

The  relation  between  J  and  J'  may  be  expressed  under  a  more 
simple  form.  By  multiplying  the  first  of  the  equations  (101)  by 
cos  y,  the  second  by  sin  fy  the  diflFerence  of  the  products  gives 

j'  =  j$?4L=L20  (104) 

sin  (C  —  r) 

93.  The  preceding  formula  may  be  developed  in  series. 

Put 

p  sin  ff  sin  (^  —  f  Q 
m  = : — 

sm  C 

then  (99)  become 

/sin  C  sin  (A'  —  -4)  =  m  sin  C  sin  A 

f  sin  C  cos  (A'  —  -4)  =  sin  C  (1  —  m  cos  A) 

whence 

J'  Ai        AK           ^  sin  A  ^Ht^m^ 

tan  (A'  —  ii)  = '  (Uft) 

1  —  lit  cos  A 

and  therefore  [PI.  Trig.  Art  258],  A^  —  A  being  in  seconds, 

.,        .       msinA    ,   m"sin2^    ,   m'sinS^    ,    .  „^. 

To  develop  /•  in  series,  we  take 

tan  r  =  tan  (,» -  ^  52^I^L±K^:z:iI] 

r        ««•<.$»        9  J         COB  HA' -A) 
=  tan  (i»  —  /)  [cos  J.  —  sin  ^  tan  J  (^'  —  A)} 

whence,  by  interchanging  arcs  and  tangents  according  to  the 
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formulfiB  tan"* y  =  y  —  i ^  +  &c.^  tan  x  =  x  +  ^x^  +  kc.  [PL 
Trig.Arts,209,  213], 

r  t\         A       (f  —  ^p')  V  sin  TT  sin"  A  sin  1"    .    .        ,-^^. 

2  sm  t 

where  the  second  term  of  the  series  is  multiplied  by  sin  1" 
because  /•  and  f  —  f'  are  supposed  to  be  expressed  in  seconds. 
Again,  if  we  put 

p  sin  n  cos  (y  —  yQ 

cos  / 
we  find  jfrom  (102) 

tan(C--^C)  =  /^^'^^^7^\  (108) 

1  —  ncos(C — rj 

whence,  {^'  —  f  being  in  seconds, 

nsin(C-r)   .n'8in2(C-r)  .  n>sin8(C-r)  ,^^^      109) 
sinl"       ^       2sinr       ^       8  sin  1"       ^  ^      ^ 

Adding  the  squares  of  the  equations  (102),  we  have 
/•  =  ( j) '  =  1  -  2  n  cos  (C  -  r)  +  n* 
whence  [equations  {A)  and  (-B),  Art  82] 
log  J^  =log  J  ^  Jf  (n  cos(C  ^  r)  +  "^^  ^^^  ^  (^  •^^)  +  Ac.)   (110) 

where  M=  the  modulus  of  common  logarithms. 

94.  The  second  term  of  the  series  (107)  is  of  wholly  inappre- 
ciable effect ;  so  that  we  may  consider  as  exact  the  formula 

r  =  (,9-'  f  0  cos  A  (111) 

and  the  rigorous  formulae  (105)  and  (108)  may  be  readily  com- 
puted  under  the  following  form : 

Put 

,     ^  .       p  Bm  It  sin  (^  —  c/)  cos  A 

Bm^  =  m  cos  j4  =  *- — ^^ 

sin  C 
then  ^   (112) 

sin  ^  tan  A 

tanM'— ^)=- ; =  tan  *  tan  (45°  +  J  *)  tan  A 

^  1  — sm* 
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BID  *'  =  n  COS  (C  —  r)  = ^ — ^-^ ^^^ — -^ 

COS/' 

then 

sln^Uan^C^-r)  )    ^18) 

^        ^^  l-sind' 

=^  tan  *' tan (45^  +  }  ^)tan  (C  — r)/ 

Example. — ^In  latitude  ^  =  88®  59',  given  for  the  moon,  A  = 
820°  18',  C  =  29°  80',  and  7r  =  58'  87".2,  to  find  the  paraUax  in 
azimuth  and  zenith  distance. 

We  have  (Table  HI.)  for  tp  =  88°  59',  ?>  —  f '  —  H'  16",  log  p 
-=9.999428:  hence  by  (111)  ;'  =  8'89".S  and  {;  — ^  =  29°  21' 
20".7 ;  with  which  we  proceed  by  (112)  and  (113)  as  follows : 

log  p  sin  IT                8.28118  logpsinir                    8.281179 

log  sin  (^^^0        7.51488  log  cob  (^  —  ^')           9.9999S8 

log  coseo  C               0.80766  log  seo  y                     O.OOOOOt 

log  cos -4                  9.88615  log  cos  (C  —  y)            9.940818 

^  =  18",  log  ain  ^                  6.98987    *':«  61'  1".6,  log  nn  &  8.171491 

log  tan  ^                  5.98987  log  tan  ^                     8.171589 

log  tan  (450  +  }  ^)  0.00004  log  tan  (46o  +  }  ^)   aO06446 

log  tan  il               W9.91919  logtan{C— »            9.760087 

log  tan  (A'  —  A)  n6.86910  log  tan  (C  —  C)           7.928072 

A'  — A  =r  —  14".91  C  —  C  =t=  29'  7".7^ 

A'  =  820*»17'  45".09  C  =  29«  59*  7",79 

It  is  evident  that  we  may,  without  a  sacrifice  of  accuracy, 
omit  the  factors  cos  (y  —  y>')  and  cos  y  in  the  computation  of  sin  ^'. 

K  we  neglect  the  compression  of  the  earth  in  this  example,, 
we  find  by  (94)  C  —  C  =  29'  17".9,  which  is  10"  in  error. 

95.  To  find  (he  paraUax  of  a  star  in  zenith  distance  and  azimuth 
when  the  apparent  zenith  distance  and  azimuth  are  given^  the  earth 
being  regarded  as  a  spheroid. 

If  we  multiply  the  first  of  the  equations  (101)  by  cos  f '  and  the 
second  by  sin  {f',  the  difference  of  the  products  gives 

oin  a:     0^^  ^'"  ""  ^^^  (.9  —  9")  si"  (g"— r) 

cos/' 

for  which,  since  cos  (y  —  fO  and  cos  x  ai*®  ^ach  nearly  equal  to 
unity,  we  may  take,  without  sensible  error. 

Bin  (r  —  C)  =/»  sin  ff  sin  (C — r)  (H*^ 
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in  which  x  1^*«  the  value  found  by  (111),  or,  with  sufficient  accu- 
racy by  the  formula 

y'  =  (^  — 9/)C08^'  (115) 

Again,  if  we  multiply  the  first  of  the  equations  (98)  by  sin  A^ 
and  the  second  by  cos  u4',  the  difference  of  the  products  gives 

8m(^'-^)  =  ^"'°'"'"^^-^'>""^'  (116) 

sin  C 

to  compute  which,  f^  must  first  be  found  by  subtracting  the  value 
of  the  parallax  f'  —  f,  found  by  (114),  from  the  given  value  off'. 

Example, — ^In  latitude  ip  =  38°  59',  given  for  the  moon  A'  =3 
820°  17'46".09,  C'  =  29°  59'  7".79,  7r  =  58'  37".2,  to  find  the 
parallax  in  zenith  distance  and  azimuth. 

We  have,  as  in  the  example  Art.  94,  tp  —  y'  =  11'  15",  log  ,o 
=  9.999428,  r = (?  —  ?0  cos  A'  =  8'  39".3,  f:'-r  =  29°  50'  28".6 ; 
and  hence,  by  (114)  and  (116), 

log  p  sin  -K  8.231179  log  p  sin  w  8.23118 

log  sin  (r  —  r)      9.696879  log  sin  (^  —  ^')     7.51488 

logsin(C  — 0      7.928058  log  sin  .4'  n9.80538 

C'  —  C  =  29'  7".79  log  cosec  C  0.30766 

C  =  29°  30'  0"  log  sin  (^'  --  A)  n5.85910 

^'~^  =  — 14".91 
^  =  320°  18'  0" 

agreeing  with  the  given  values  of  Art,  94. 

96.  F(yr  (he  planets  or  the  sun^  the  following  formula  are  always 
sufficiently  precise : 

A'  —  A=  pi:  sin  (^  —  /)  sin  A  cosec  C'  f\^*) 

and  in  most  caaes  we  may  take  ^'  —  f  =  ;r  sin  f ',  and  -4'  —  -4  =  0. 
The  quantity  pn  is  frequently  called  the  reduced  parallax^  and 
;r  —  ^;r  =  (1  —  />);r  the  reduction  of  the  equatorial  parallax  for  the 
given  latitude ;  and  a  table  for  this  reduction  is  given  in  some 
collections.  This  reduction  is,  indeed,  sensibly  the  same  as  the 
correction  given  in  our  Table  XTTT.,  which  will  be  explained 
more  particularly  hereafter.  Calling  the  tabular  correction  a;:, 
we  shall  have,  with  sufficient  accuracy  for  most  purposes, 

pn  =^ic  —  ATT 
VOL.L— 8 
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97.  The  preceding  methods  of  computing  the  parallax  enable 
us  to  pass  direcdy  from  the  geocentric  to  the  apparent  azimnth 
and  zenith  distance.  There  is,  however,  an  indirect  method 
which  is  sometimes  more  convenient.  This  consists  in  reducing 
both  the  geocentric  and  the  apparent  co-ordinates  to  the  point  in 
which  the  vertical  line  of  the  observer  intersects  the  axis  of  the  earth.  I 
shall  briefly  designate  this  point  as  the  point  0  (Fig.  11). 

We  may  suppose  the  point  0  to  be  assumed  as  the  centre  of 
the  celestial  sphere  and  at  the  same  time  as  the  centre  of  an 
imaginary  terrestrial  sphere  described  with  a  radius  equal  to  the 
normal  OA  (Fig.  11).  Since  the  point  0  is  in  the  vertical  line  of 
the  observer,  the  azimuth  at  this  point  is  the  same  as  the  appa- 
rent azimuth.  If,  therefore,  the  geocentric  co-ordinates  are  first 
reduced  to  the  point  0,  we  shall  then  avoid  the  parallax  in 
azimuth,  and  the  parallax  in  zenith  distance  will  be  found  by  the 
simple  formula  for  the  earth  regarded  as  a  sphere,  taking  the 
normal  as  radius. 

Since  the  point  0  is  in  the  axis  of  the  celestial  sphere,  the 
straight  line  drawn  from  it  to  the  star  lies  in  the  plane  of  the 
declination  circle  of  the  star ;  the  place  of  the  star,  therefore,  as 
seen  from  the  point  0,  differs  from  its  geocentric  place  only  in 
declination,  and  not  in  right  ascension.  We  have  then  only  to 
find  the  reduction  of  the  declination  and  of  the  zenith  distance 
to  the  point  0. 

1st.  To  reduce  the  decimation  to  the  point  0. — ^Let 
PP'y  Fig.  IS,  be  the  earth's  axis ;  C  the  centre ; 
0  the  point  in  which  the  vertical  line  or  normal 
of  an  observer  in  the  given  latitude  f  meets  the 
axis;  S  the  star.  We  have  found  for  CO  the 
expression  (Art  84) 

CO  =  ai 

in  which  a  is  the  equatorial  radius  of  the  earth, 
and 

e*  sin  f9 


Fig.  13. 


t  = 


l/(l  —  e*  sin«  f») 


Let 


J  =  the  star's  geocentric  distance 

Jj  =  the  star's  distance  from  the  point  0 

d  =  the  geocentric  declination 


=  8Cf 

=  SOy 

=  90O  —  PCS, 


d^  =  the  declination  reduced  to  the.  point  0  =  90®  —  POSp 
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then,  drawing  SB  perpendicular  to  the  axis,  the  right  triangles 
ISCB  and  SOB  give 

J,  cos  ^,  =  J  COB  J  /     ^^^^^ 

which  determine  J^  and  dy    From  these  we  deduce 
Jj  sin  (^j  —  ^)  =  <^i  cos  ^ 


J^  cos  (^1  —  ^)  =  J  +  at  sin  9 


}     (119) 


which  determine  J^  and  the  reduction  of  the  declination.  If  we 
divide  these  by  J,  and  put 

in  which  tt  denotes,  as  before,  the  equatorial  horizontal  parallax, 
they  become 

/j  sin  (#j  —  ^)  =  i  Bin  ir  cos  ^ 

/j  cos  (d^  —  d)  =  1  -f  t.sin  ff  sin  d 

whence 

.      .-        ^.         .esinwcos^ 

tan  (^,  —  ^)  =  r-; 

1  -j- 1  sm  ff  sm  ^ 

or  in  series  [PI.  Trig.  Art  257], 

-        -       I  sin  jr  cos  ^      (i  sin  wV  sin  2  ^   ,   . 
sinl"  2sinr         ^ 

But  since  the  second  term  of  the  series  involves  P  and  conse^ 
quently  e*,  and  this  is  further  multiplied  by  the  small  factor  sin*  ;r, 
the  term  is  wholly  inappreciable  even  for  the  moon;  and,  as 
the  first  term  cannot  exceed  25"  in  any  case,  we  shall  obtaiij  ex- 
trexne  accuracy  by  the  simple  formula 

^1  — ^  =  lirCOBd  (120) 

The  value  of  ^^^is  found  from  (119),  by  the  same  process  as. 
was  used  in  finding  J'  in  (lOS),  to  be 

.         .  f  1    ,    .   .       sin  }  (a,  +  ^)  ) 

or,. on  account  of  the  snxall  di£fere^ce  between  d^.and  ^, 

J^  =  J  (1  +  I  sin  ic  sin  8)  (121) 
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As  ^1  —  d  is  BO  small,  it  may  be  accurately  computed  with 
logarithms  of  four  decimal  places,  and  it  will  be  convenient  to 
substitute  for  i  the  form 


in  which 


iz=z  A  sin  ^ 


A  = 


l/(l  —  e«  sin«  ip) 

The  value  of  log  A  may  then  be  taken  from  the  following 
table  with  the  argument  f  =  the  geographical  latitude 


♦ 

log^ 

o» 

7.8244 

10 

7.8245 

20 

7.8246 

30 

7.8248 

40 

7.8250 

50 

7.8253 

60 

7.8255 

70 

7.8257 

80 

7.8258 

90 

7.8259 

We  shall  then  compute  8^  —  d  and  d^  under  the  following 
forms : 

d^  —  ^  =  il  ff  sin  f>  cos  ^ 

J^  =z=  J  (1  +  il  sin  ?r  sin  ^  sin  S) 


]    (122) 


If  the  value  of  7:^  has  been  found  as  below,  we  may  take 
dj  —  ^  =  e*  TTj  sin  f»  cos  ^ 


Fig.  14. 


2d.  To  find  the  parallax  in  zenith  distance  for  the  point  0. — ^Let 
ZAO^  Fig.  14,  be  the  vertical  line  of  the  observer  at 
A.  The  normal  AO  terminating  in  the  axis  being 
denoted  by  Ny  we  have,  by  (90), 


N= 


l/(l  —  e*  sin'  ip) 

But  if  in  (84)  we  write  e*  sin*  f  for  e*  sin*  ^,  we  have 

p  =za  i/(l  —  e*  sin*  f ) 

and  this  value  is  sufficiently  accurate  for  the  compu- 
tation of  the  parallax  in  all  cases.  If  then  we  put 
a  =  1,  we  have 
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P 

Jf  now  in  the  vertical  plane  passing  through  the  line  ZO  and 
the  star  S  we  draw  SB  perpendicular  to  OZ^  and  put 

Cj  =  the  zenith  distance  at  0  =  SOZ 
C'  =  the  apparent  zenith  dist.  =  SAZ 

the  triangles  OSB,  ASB  give 

J'  sin  C'  =  ^i  sin  C^  ) 

Dividing  these  equations  by  J^,  and  putting 

J'  1 

—  =/i         Bin;rj  =  — - 

they  become 

/j  cos  C'  =  cos  Ci  —  sin  w^ 
/j  sin  C*  =  sin  d 

from  which  we  deduce 

/j  sin  (C'  —  Ci)  =  sin  ir^  sin  C^ 

/j  cos  (C'  —  CJ  =  1  —  sin  TTj  cos  C^ 

tan(C>-C.)^,    sinr.BinC.  (124) 

1  —  sm  jTj  cos  C;i 

and  in  series, 

sinir.sinC,       sin'  ir,  sin  2  C,       . 
*^       ^*-      flinr      +       2sinr       +*^-  ^^2^> 

Or,  rigorously, 


sin  *  =  sin  n^  cos  f, 
tan  (C  —  CJ  =  tan  *  tan  (45°  +  }  *)  tan  f^ 


To  find  ffi  we  have 


}    (126) 


/0  Jj        /0  J  (1  -j-  J.  sin  TT  sin  f9  sin  d) 

sin  w 

or  sm  Tfj  = (127) 

/t>(l  -\'  A  Binj:  sin  y  sin  ^) 
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But  this  very  precise  expresrion  otn^  will  seldom  be  required: 
it  will  generally  suffice  to  i»ke 

.            sinir 
sin  Tf,  = 

It 
or  ir,  =  — 

P 

which  will  be  found  to  give  the  correct  value  of  ffj,  even  for  the 
moon,  within  0''.2  in  every  case.  Where  this  degree  of  accu- 
racy suffices,  we  may  employ  a  table  containing  the  correction 
for  reducing  n  to  jr^  computed  by  the  formula 


Air 


=  »,~,r  =  ir(--«l) 


Table  XIII.,  Vol.  IT*,  gives  this  correction  with  the  arguments  ic 
and  the  geographical  latitude  f .  Taking  the  correction  from 
this  table,  therefore,  we  have 

x^  =  x+  An  (128) 

Sd.  To  compiUe  the  paraUax  in  zenith  distance  for  the  point  0  whert^ 
the  apparent  zenith  distance  is  given. 

Multiplying  the  first  equation  of  (128)  by  sin  Z\  the  second  by 
cos  {^',  and  subtracting,  we  find 

8in<C'  —  CO  =  -—sin  C' 
or  sin  (C'  —  Cj  =  ^^^  *i  "n  C'  (129) 

K  we  denote  the  apparent  altitude  by  A'  and  the  altitude 
reduced  to  the  point  0  by  A^,  this  equation  becomes 

sin  (h^  —  A')  =  sin  n^  cos  A'  (180) 

Example. — In  Latitude  f  =  38°  59',  given  the  moon's  hour 
angle  t  =  841°  1'  86".85,  geocentric  declination  d  =  +  14^  8^ 
24".64,  and  the  equatorial  horizontal  parallax  it  =  58'  87".2,  to 
find  the  apparent  zenith  distance  and  azimuth. 

The  geocentric  zenith  distance  and  azimuth,  computed  from 
these  data  by  Art  14,  are  C  =  29°  80',  A  =  820°  18',  which  are 
the  values  employed  in  our  example  in  Art  94.    To  compute 
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by  tibe  method  of  the  present  article,  we  first  reduce  the  declina* 
tiou  to  the  point  0  by  (122),  as  follows : 

For  f  =  88«  59'        log  A  7.8250 

n  =  8517".2        log  ic  8.5462 

log  sin  f     9.7987 

d  =  14<>  89' 24".54        log  cos  d     9.9856 

«,—  d=  14  .81        log(^j— d)  1.1555 

d,=  14«89'88".85 

With  this  value  of  d^  and  <  =  841^  1'  86".85,  the  computation 
of  the  zenith  distance  and  azimuth  by  Art  14  gives  for  the 
point  O 

C,  =  29«  29'  47".67  A^  =  820^  17'  45".09 

and  this  value  of  A^  is  precisely  the  same  as  A^  found  in  Art.  94, 
as  it  should  be,  since  the  azimuth  at  the  point  0  and  at  the 
observer  are  identical. 

We  find  from  Table  XDI.  A;r  =  4^'.6,  and  hence  7ri=  68'  37".2 
+  4".6  =  58'  41".8;  and  then,  by  (126), 

log  sin  n^  8.23232 

log  cos  Cj  9.98971 

*=  61'  6"  log  sin  &    8.17208 

logtani9  8.17208 

log  tan  (45^^  +  M)  0.00645 

C,  =  29<>  29'  47".67  log  tan  C,  9.75258 

C  —  Ct  =        29  20  .08  log  tan  C  —  C J  7.93111 

4^  =  29^59'    7".70 

agreeing  with  the  value  found  in  Art,  94  within  0".09.  If  we 
had  computed  iti  by  (127),  the  agreement  would  have  been  exact. 

98.  To  find  the  paraUax  of  a  star  in  right  ascmsion  and  decUnation 
when  Us  geocentric  right  ascension  and  declination  are  given. 

The  investigation  of  this  problem  is  similar  to  that  of  Art.  92. 
Let  the  star  be  referred  by  rectangular  co-ordinates  to  three 
planes  passing  through  the  centre  of  the  earth :  the  first,  the 
plane  of  the  equator ;  the  second,  that  of  the  equinoctial  colure ; 
the  third,  that  of  the  solstitial  colure.  Let  the  axis  of  x  be  the 
straight  line  drawn  through  the  equinoctial  points,  positive 
towards  the  vernal  equinox ;  the  axis  of  y,  the  intersection  of 
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the  plane  of  the  Bolstitial  colore  and  that  of  the  equator,  positive 
towards  that  point  of  the  equator  whose  right  ascension  is  90** ; 
the  axis  ofz,  the  axis  of  the  heavens,  positive  towards  the  north. 

Let 

a  =  the  star's  geocentric  right  ascension, 
^  =  "  "         declination, 

J  =  "  "         distance, 

then  the  co-ordinates  of  the  star  are 

X  =  J  cos  d  cos  a 
y  =  J  cos  ^  sin  a 
z  =  J  Bin  d 

Again,  let  the  star  be  referred  to  another  system  of  planes 
parallel  to  the  first,  the  origin  being  the  observer.  The  vanish- 
ing circles  of  these  planes  in  the  celestial  sphere  are  still  the 
equator,  the  equinoctial  colure,  and  the  solstitial  colure.     Let 

a'  =  the  star's  observed  right  ascension, 

^=  "  "        declination, 

J'  =  "      distance  from  the  observer, 

where  by  observed  right  ascension  and  declination  we  now  mean 
the  values  which  differ  from  the  geocentric  values  by  the  paral- 
lax depending  on  the  position  of  the  observer  on  the  surface  of 
the  earth.    The  co-ordinates  of  the  star  in  this  system  will  be 

a:'  =  J'  cos  ^  cos  a' 
y'  =  J'  cos  ^  sin  a' 
y  =  J'  sin  df 
iTow,  if 

6  =  the  sidereal  time  =  the  right  ascension  of  the  observer's 

meridian  at  the  instant  of  observation, 
^'  =::  the  reduced  latitude  of  the  place  of  observation, 
p  =  the  radius  of  the  earth  for  this  latitude, 

then  0,  ^',  and  p  are  the  polar  co-ordinates  of  the  observer, 
entirely  analogous  to  a,  5,  and  J  of  the  star,  so  that  the  rectan- 
gular co-ordinates  of  the  observer,  taken  in  the  first  system,  are 

a  =  P  cos  ^'cos6 
b  =  P  cos  f>'  sin  6 
c  =  p  sin  ^' 
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and  for  transformation  from  one  system  to  the  other  we  have 

xf  =^x  —  a,        y^  =  y  —  h        ^  =  z  ^  c. 
Hence 

A'  cos  ^  cos  q!  :=  A  cos  ^  cos  o  —  />  cos  f>'  COS  0     ^ 

J'  COS  If  sin  a'  =  J  COS  d  sin  a  —  p  cos  ^  sin  6         >    (131) 
J'  sin  ^  =  J  sin  ^  —  p  sin  ^p'  j 

or,  dividing  by  4  and  putt^g  as  before 

/  =  —  sm^=— 


/  cos  ^  COS  a'  =  COS  b  COS  a  —  ^  sin  JT  COS  f '  COS  e 

/  COS  ^  sin  a'  =  COS  d  sin  a  —  p  sin  it  cos  f>'  sin  9         ^    (182) 

/  sin  ^  =  sin  ^  —  />  sin  w  sin  ^ ' 


} 


From  the  first  two  of  these  equations  we  deduce 

/ cos  ^  sin  (a'  —  a)  =  /)  sin  Tf  cos  /  sin  (a  —  6)  \      lo 

/  cos  If  cos  (a'  —  »)  =  COS  b  —  /?  sin  3r  cos  ip*  cos  (a  —  ©)  J     ^      ) 

Multiplying  the  first  of  these  by  sin  \  {pJ  —  a),  the  second  by 
cos  \  {pJ  —  a),  and  adding  the  products,  we  find,  after  dividing  by 
cos  \  \a'  —  a), 

/cos  a-=  cos  ^  ~  ^  "^"  ^  "^^^  "^"  1^*  ("'  +  c>)  ~  e] 

cos  1  (a'  —  a) 

Put 

tnnv-   tany^COSi(a^-a) 

**""  ^  -  COs[i(a'+a)~e]  (^^) 


then  we  have,  for  determining  5', 

/sin  ^  =  sin  ^  —  /9  sin  tt  sin  f' 

/  cos  ^  =  cos  ^  —  p  Binit  sin  ^  cot  /* 

whence 

jf  '    /t      •%  .         .      f  sin  (d  —  y) 

f  sm  (^  —  d)  =  /)  sm  ir  sm  c/ ^^^ ^ 

^  .^       r  ^         sm  7^ 

/  cos  (^  -  d)  =  1  ^  /,  sin  tr  Bin  /  <^Q«  (^  -  r) 


}    (135) 


(136) 


J^  ^Bin(^~y) 
J         sin  (^ —  T') 


(137) 
The  equatione  (138)  determine,  rigorously,  the  parallax  in  right 
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ascension,  or  a'  —  a ;  (136)  the  parallax  in  declination^  or  d'-^d; 
and  (137)  determines  J^ 

99.  To  obtain  the  developments  in  series,  put 

p  sin  It  cos  «/ 
cos  d 

then  from  (133)  we  have 

tan  (a'  -  •)  =     msin(>^g) 

^  ^         1— mC08(a  —  9)  ^ 

whence 

,  m  sin  (a  —  9)   ,   m*  sin  2  (a  —  6)   .    .  ,^„^^ 


Putting 

sin  7^ 


/>  sin  TT  sin  ^ 


we  have  from  (136) 

whence 

^       ^      nsin(d  — r)   ,   n*sin2(a  — ;')   ,    .  ,..,^ 


100.  The  quantity  a  —  0  is  the  hour  angle  of  the  star  east  of 
the  meridian.  According  to  the  usual  practice,  we  shall  reckon 
the  hour  angle  towards  the  west,  and  denote  it  by  (,  or  put 

t=  e  —a 

and  then  we  shall  write  (188)  and  (140)  as  follows : 

m  sin  t 


tan  (a  —  O  = 


1  —  m  cos  f 


tan(a-0  =  ,   nsin(r~a) 

1  —  n  cos  (/*  —  d) 


The  rigorous  computation  will  be  conveniently  performed  by 
the  following  formulas: 


sin  ^  =ss  m  COB  <  ss 
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^  Bi&  ir  CO0  f'  COB  f 


OOB  d 

tan  (a  —  aO  =  tail  *  tell  (45^  +  J  *)  tan  < 

tan  ^  COB  }  (a  —  a'")  . 

d.  *  =  .  CO.  0- -  *)  =  tl!!Li^lii!ifrll2 

Bin  T' 
tan  (*—  O  =  tan  ^  tan  (46^  +i^tAn(x  —  S) 

101.  Except  for  the  moon,  the  first  terms  of  the  series  (139) 
and  (141)  will  suffice,  and  we  may  nse  the  following  approxi- 
mationB: 

,       /MT  cos  f'  sin  t 


•" cos  ^ 

tan «/  I 

^r  =  -^  \  (148) 

J       ^_/>xBinf/8in(y  — a) 
sin/* 

If  the  star  is  on  the  meridian,  we  have  t  =  0,  and  hence 
Y  =ss  f%  and 

3  —  ^  =  /wr  Bin  (f^  —  ^) 

Since  in  the  meridian  we  have  C  =  f  "^  ^>  it  is  easily  seen 
that  C  —  C  fo^nd  by  (108)  and  ^'  —  d  found  by  (140)  will  then 
be  numerically  equal,  or  the  parallax  in  zenith  distance  is  numeri- 
colli/  equal  to  the  parallax  in  decUnation  when  the  star  is  on  the  meri- 
dian. 

102.  To  find  the  parallax  of  a  star  in  right  ascension  and  declination^ 
when  its  observed  right  ascension  and  declination  are  given. 

Multiplying  the  first  equation  of  (132)  by  sin  a\  the  second 
by  cos  a'y  and  subtracting  one  product  from  the  other,  we  find 

gin  f •  ~  O  :^  ^  ^^^  ""  ^^  ^'  ^^^  ^^  ""  ""'^ 
^  ^  cos  ^ 

In  like  manner,  from  (185)  we  deduce 
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.     /.       ./x       i>  sin  if  Bin  f '  sin  (r  —  ^) 

sm  (^  —  ^)  = ^ ^ 

sin  jr 

We  have  here  0  —  a'  equal  to  the  apparent  or  observed  hour 
angle ;  and  hence,  putting 

the  computation  may  be  made  under  the  following  form : 

p  sin  It  cos  ^'  sin  t' 


sin  (a  —  a')  =  < 


cos  d 


tany^co8>(,-aO 

^  COB  [«'-  J  (.-•')]  '      *•        ^ 

sin  Cd-r)  =  f  "°  "  "°  ^' "°  ^  -  ^> 

sin/' 

In  the  first  computation  of  a  —  a'  we  employ  d'  for  d.  The 
value  of  a  —  a'  thus  found  is  sufficiently  exact  for  the  compu- 
tation of  Y  and  d  —  d\  With  the  computed  value  of  5  —  J'  we 
then  find  5  and  correct  the  computation  of  a  —  a'. 

Example. — Suppose  that  on  a  certain  day  at  the  Greenwich 
Observatory  the  right  ascension  and  declination  of  the  moon 
were  observed  to  be 

a'  =  7»  41-  20'.436 
^  =  15^  SV  27".66 

when  the  sidereal  time  was 

e=ll»17-0'.02 
and  the  moon's  equatorial  horizontal  parallax  was 

n  =  56'  67".5 
Required  the  geocentric  right  ascension  and  declination. 

We  have  for  Greenwich  f  =  51^  28'  88".2,  and  hence  (Table  III.) 
^  —  ^  =  11'  13".6,  /  =  51«  17'  24".6,  log  p  =  9.9991184.  The  com- 
putation by  (144)  is  then  as  follows: 
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o' (in  arc)  =  n5*>  20'   6".64 
e        "      =  169   15    0  .80 

log  p  sin  TT 

log  008  ^' 

8.218877 
9.796142 

t^    58  54  58  .76 

log  sin  a 

9.907489 

}  (a  —  o')  =           14  55  .8 
</— J(a  — a')=    58   89  58 

(1) 
log  cos  (T 

7.922008 
9.983185 

log  sec  [<'  —  J  (»  —  •')]    0.227819 
1<^  COB  J  (o  —  a')               9.999996 
log  Un  ^'                             0.096188 

App.logsin(a  — a') 
Approz.  o  —  a'  = 
(1)        . 

7.988828 
29'  51".6 
7.922008 

log  tan  y                            0.828448 

log  cos  6 

9.981885 

y=    64«»85'58" 
y-^9^    48   46  80 

log  sin  (a  —  a') 

o--a'=  + 

7.940178 
29'  57".28 

log  p  sinir                            8.218877 
log  sin  f                              9.892275 
log  sin  (y  -  <r)                   9.876181 
log  cosec  y                           0.044158 

a  =115*>50'  8".  77 
=  7M8«20'.251 

log  sin  (d  —  <r)                    8.080986 

<J  —  (T  =    +86'  55".24 
6=  16«27'22".90 
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108.  For  all  bodies  except  the  moon,  the  second  computation 
will  never  affect  the  result  in  a  sensible  degree,  and  we  may  use 
the  following  appro^mations : 


,      pn  cos  ^  sin  V 

a  —  a  = 

cos  ^ 

tan  / 

tan  r  = 7- 

cosf 

^       ^        pT^  sin  ^  sin  (r  —  ^) 
o  —  tf  = 

sin;' 


(145> 


For  the  sun,  planets,  and  comets,  it  is  frequently  more  conve- 
nient to  use  the  geocentric  distance  of  the  body  instead  of  the 
parallax,  or,  at  least,  to  deduce  the  parallax  from  the  distance, 
the  latter  being  given.  This  distance  is  always  expressed  in 
parts  of  the  sun's  mean  distance  as  unity.    K  we  put 

ir^  =  the  sun's  mean  equatorial  horizontal  parallax, 
Jq  =  the  sun's  mean  distance  from  the  earth, 

we  have,  whatever  unit  is  employed  in  expressing  4  J^,,  and  a, 


sin  «  =  — 
J 


sin  Tt^  = 
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whence 

4o  . 
Bmn  =  ^  Bin  x^ 

J 
and  when  we  take  J^  =  1, 

sinir  =  ?l5J!o        opic=^  (146) 

According  to  Encee's  determination 

^0=  8".67116        log  n^  =  0.93804 

Example. — ^Donati's  comet  was  obeerved  by  Mr.  Jambs  Fer- 
guson at  Washington,  1858  Oct  18,  6*  26*  21M  mean  time, 
and  its  observed  right  ascension  and  declination  when  corrected 
for  refraction  were 

a'  =  236^  48'   0".5 
^  =  —  V&&52".8 

The  logarithm  of  the  comet's  distance  from  the  earth  was  log  J 
=  9.7444.    Enquired  the  geocentric  place. 

We  have  for  Washington  ^  =  88^  68'  89".8,  whence,  by  Table 
HI.,  log /9  cos  f '  =  9.8917,  log /9  sin  y '  =  9.7955.  Converting  the 
mean  into  sidereal  time  (Art  50),  we  find  0  =  19*  55*  16'.98. 
Hence,  by  (145)  and  (146), 


e  =  298°  49'.2 
o'  =  236  48.0 

log  tan  /           9.9088 
log  COB  f             9.6718 

f  =    62     1 .2 
log «.             0.9330 
log  J              9.7444 

log  tan  r             0.2325 
;.         =  59»  89'.2 
r  —  if=6i  16.1 

log  «r                1.1886 

log  JOT  008  f'  1.0808 
log  8in  f         9.9460 
log  Boc  af        0.0038 

log  fncBin^        0.9641 
logsinO'  — O  9.9649 
log  ooeec  r          0.0640 

log  (a  — a')   1.0801 
.  —  .'  =  +  10".7 

log  (»  —  y)         1.0180 
«  —  y  =  +  10".8 

Hence,  for  the  geocentric  place  of  the  comet, 

a  =  236^  48'  11".2  ^  =  —  7*  36'  42".5 

104.  Parallax  in  latitude  and  longitude. — ^Formjalfie  similar  to  the 
above  obtain  for  the  parallax  in  latitude  and  longitude.    We 
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have  only  to  substitnte  for  ©  and  f '  (which  are  the  right  ascension 
and  declination  of  the  geocentric  zenith)  the  corresponding 
longitude  and  latitude  of  the  geocentric  zenith  (which  will  be 
found  by  Art.  23),  and  put  X  and  ^  in  the  place  of  a  and  8.  Thus, 
if  I  and  b  are  the  longitude  and  latitude  of  the  geocentric  zenith, 
the  equations  (143)  give  for  all  objects  except  the  moon. 


xr 


fm  cos  h«in{l  —  X) 
cos  p 

tan  h  I      . , 

tanr  = )    (147) 

cos  (l—i)  /     V        / 

B^  ff  =  <p^  '^^^  b  sin  (r  —  ^ 
sin  Y 

In  the  same  manner,  the  equations  (131)  may  be  made  to 
express  the  general  relations  between  the  geocentric  and  the 
apparent  lon^tude  and  latitude,  and  for  the  moon  we  can 
employ  (142),  observing  to  substitute  respectively 

for  A,       a',        d,        ^,         e,        f* 
the  quantities  Xy       X',        /9,        ^,        I,  b 

In  all  the  formulie,  when  we  choose  to  neglect  the  compression 
of  the  earthy  we  have  only  to  put  f=ip'  and  />  =  1. 
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105.  GeMTol  laws  ofr^ractim. — The  path  of  a  ray  of  light  Is  a 
straight  line  so  long  as  the  ray  is  passing  through  a  medium  of 
uniform  density,  or  through  a  vacuum.  But  when  a  ray  passes 
obliquely  from  one  medium  into  another  of  difterent  density,  it 
is  bent  or  refracted.  The  ray  before  it  enters  the  second  medium 
is  called  the  incident  ray ;  after  it  enters  the  second  medium  it  is 
called  the  refracted  ray;  and  the  difference  between  the  directions 
of  the  incident  and  refracted  rays  is  called  the  refrojciim. 

If  a  normal  is  drawn  to  the  surface  of  the  refracting  medium 
at  the  point  where  the  incident  ray  meets  it,  the  angle  which  the 
incident  ray  makes  with  this  normal  is  called  the  angle  of  inci- 
dcTicCj  the  angle  which  the  refracted  ray  makes  with  the  normal 
is  the  anffU  of  refraction^  and  the  refraction  is  the  difference  of 
these  two  angles. 
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Thus,  if  SAy  Fig,  15,  is  an  incident  ray  upon  the  surface  BB' 
of  a  refracting  medium,  AC  the  refracted 
ray,  MN  the  normal  to  the  surface  at  A, 
SAM  is  the  angle  of  incidence,  CAN  is  the 
angle  of  refraction ;  and  if  CA  be  produced 
backwards  in  the  direction  A/S',  SAS^  is  the 
refraction.  An  observer  whose  eye  is  at 
any  point  of  the  line  AC  will  receive  the 
ray  as  if  it  had  come  directly  to  his  eye 
without  refraction  in  the  direction  S'ACy 
which  is  therefore  called  the  apparent 
direction  of  the  ray, 

Now,  it  is  shown  in  Optics  that  this  refraction  takes  place 
according  to  the  following  general  laws : 

1st.  When  a  ray  of  light  falls  upon  a  surface  (of  any  form) 
which  separates  tw^o  media  of  different  densities,  the  plane  which 
contains  the  incident  ray  and  the  normal  drawn  to  the  surface 
at  the  point  of  incidence  contains  the  refracted  ray  also, 

2d.  When  the  ray  passes  from  a  rarer  to  a  denser  medium,  it 
is  in  general  refracted  towards  the  normal,  so  that  the  angle  of 
refraction  is  less  than  the  angle  of  incidence ;  and  when  the  ray 
passes  from  a  denser  to  a  rarer  medium,  it  is  refracted  ^rom  the 
normal,  so  that  the  angle  of  refraction  is  greater  than  the  angle 
of  incidence, 

3d.  Whatever  may  be  the  angle  of  incidence,  the  sine  of  this 
angle  bears  a  constant  ratio  to  the  sine  of  the  corresponding 
angle  of  refraction,  so  long  as  the  densities  of  the  two  media  are 
constant.  If  a  ray  passes  out  of  a  vacuum  into  a  given  medium, 
the  number  expressing  this  constant  ratio  is  called  the  index  of 
refraction  for  that  medium.  This  index  is  always  an  improper 
fraction,  being  equal  to  the  sine  of  the  angle  of  incidence  divided 
by  the  sine  of  the  angle  of  refraction. 

4th.  When  the  ray  passes  from  one  medium  into  another,  the 
sines  of  the  angles  of  incidence  and  refraction  are  reciprocally 
proportional  to  the  indices  of  refraction  of  the  two  media, 

106,  Astronomical  refraction. — The  rays  of  light  from  a  star  in 
coming  to  the  observer  must  pass  through  the  atmosphere  which 
surrounds  the  earth.  If  the  space  between  the  star  and  the 
upper  limit  of  the  atmosphere  be  regarded  as  a  vacuum,  or  as 
filled  with  a  medium  which  exerts  no  sensible  effect  upon  the 
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direction  of  a  ray  of  light,  the  path  of  the  ray  will  be  at  first  a 
straight  line;  but  upon  entering  the  atmosphere  its  direction 
will  be  changed.  According  to  the  second  law  above  stated,  the 
new  medium  being  the  denser,  the  ray  will  be  bent  towards  th«> 
normal,  which  in  this  case  is  a  line  drawn  from  the  centre  of  the 
earth  to  the  surface  of  the  atmosphere  at  the  point  of  incidence. 

The  atmosphere,  however,  is  not  of  uniform  density,  but  is 
most  dense  near  the  surface  of  the  earth,  and  gradually  decreases 
in  density  to  its  upper  limit,  where  it  is  supposed  to  be  of  such 
extreme  tenuity  that  its  first  eftect  upon  a  ray  of  light  may  be 
considered  as  infinitesimal.  The  ray  is  therefore  contirmaUy  pass- 
ing from  a  rarer  into  a  denser  medium,  and  hence  its  direction 
is  continually  changed,  so  that  its  path  becomes  a  curve  which 
is  concave  towards  the  earth. 

The  last  direction  of  the  ray,  or  that  which  it  has  when  it 
reaches  the  eye,  is  that  of  a  tangent  to  its  curved  path  at  this 
point;  and  the  difterence  of  the  direction  of  the  ray  before  en- 
tering the  atmosphere  and  this  last  direction  is  called  the  astro^ 
nomical  refraciicm^  or  simply  the  refraction. 

Thus,  Fig.  16,  the  ray  Se  from  a  star,  entering  the  atmosphere 
at  €,  is  bent  into  the  curve  ecA 
which  reaches  the  observer  at  A  in 
the  direction  of  the  tangent  S^A 
drawn  to  the  curve  at  A,  If  CAZ 
is  the  vertical  line  of  the  observ^er, 
or  normal  at  A^  by  the  first  law  of 
the  preceding  article,  the  vertical 
plane  of  the  observer  which  con- 
tains the  tangent  AS'  must  also 
contain  the  whole  curve  Ae  and 
the  incident  ray  Se.  Hence  refrac- 
tion increases  the  apparent  altitude 
of  a  star,  but  does  not  aftect  its  azi- 
muth. 

The  angle  S'AZ  is  the  apparent  ze- 
nith distance  of  the  star.     The  true  zenith  distance*  is  strictly  the 
angle  which  a  straight  line  drawn  from  the  star  to  the  point  A 


Pig.  i«. 


*  By  true  lenith  distance  we  here  (and  so  long  as  we  are  considering  only  the 
effect  of  refraction)  mean  that  which  differs  from  the  apparent  senith  distaneo  only 
by  the  refraction. 
Vol.  L— » 
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makes  with  the  vertical  line.  Such  a  line  would  not  coincide 
with  the  ray  Se;  but  in  consequence  of  the  small  amount  of  the 
refraction,  if  the  line  Se  be  produced  it  will  meet  the  vertical 
line  AZ  at  a  point  so  little  elevated  above  A  that  the  angle 
which  this  produced  line  will  make  with  the  vertical  will  differ 
very  little  from  the  true  zenith  distance.  Thus,  if  the  produced 
line  Se  be  supposed  to  meet  the  vertical  in  6',  the  difference 
between  the  zenith  distances  measured  at  6'  and  at  A  is  the 
parallax  of  the  star  for  the  height  -46',  and  this  difference  can  be 
appreciable  only  in  the  case  of  the  moon.  It  is  therefore  usual 
to  assume  Se  as  identical  with  the  ray  that  would  come  to  the 
observer  directly  from  the  star  if  there  were  no  atmosphere. 

The  only  case  in  which  the  error  of  this  assumption  is  appre- 
ciable will  be  considered  in  the  Chapter  on  Eclipses. 

107.  Talks  of  Refraction, — For  the  convenience  of  the  reader 
who  may  wish  to  avail  himself  of  the  refraction  tables  without 
regard  to  the  theory  by  which  they  are  computed,  I  shall  first 
explain  the  arrangement  and  use  of  those  which  are  given  at 
the  end  of  this  work. 

Since  the  amount  of  the  refraction  depends  upon  the  density 
of  the  atmosphere,  and  this  density  varies  with  the  pressure  and 
the  temperature,  which  are  indicated  by  the  barometer  and  the 
thermometer,  the  tables  give  the  refraction  for  a  mean  state  of 
the  atmosphere;  and  when  the  true  refraction  is  required,  supple- 
mentary tables  are  employed  which  give  the  correction  of  the 
mean  refraction  depending  upon  the  observed  height  of  the 
barometer  and  thermometer. 

Table  I.  gives  the-  refraction  when  the  barometer  stands  at 
80  inches  and  the  thermometer  (Fahrenheit's)  at  50®.  If  we 
put 

r  =  the  refraction, 

z  =  the  apparent  zenith  distance, 

C  =  the  true  zenith  distance^ 
then 

C  =  2r  +  r 

Where  great  accuracy  is  not  required,  it  suflSices  to  take  r 
directly  from  Table  I.  and  to  add  it  to  z.  (The  resulting  f  is 
that  zenith  distance  which  we  have  heretofore  denoted  by  {;'  in 
the  discussion  of  parallax.)  The  argument  of  this  table  is  the 
apparent  zenith  distance  z. 
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Table  n.  is  Bessel's  Refraction  Table,*  which  is  generally 
regarded  as  the  most  reliable  of  all  the  tables  heretofore  con- 
structed.  In  Column  A  of  this  table  the  refraction  is  regarded 
as  a  function  of  the  apparent  zenith  distance  z,  and  the  adopted 
form  of  this  function  is 

in  which  a  varies  slowly  with  the  zenith  distance,  and  its  loga- 
rithm is  therefore  readily  taken  from  the  table  with  the  argu- 
ment z.  The  exponents  A  and  X  difter  sensibly  from  unity  only 
for  great  zenith  distances,  and  also  vary  slowly ;  their  values  are 
therefore  readily  found  from  the  table. 

The  factor  ^  depends  upon  the  barometer.  The  actual  pres- 
sure indicated  by  the  barometer  depends  not  only  upon  the 
height  of  the  column,  but  also  upon  its  temperature.  It  is, 
therefore,  put  under  the  form 

^  =  BT 

and  log  -B  and  log  T  are  given  in  the  supplementary  tables  with 
the  arguments  "height  of  the  barometer,**  and  "height  of  the 
attached  thermometer,*'  respectively ;  so  that  we  have 

log  ^  =  log  5  +  log  T 

Finally,  log  y  is  given  directly  in  the  supplementary  table  with 
the  argument  "  external  thermometer.**  This  thermometer  must 
be  so  exposed  as  to  indicate  truly  the  temperature  of  the  atmo- 
sphere at  the  place  of  observation. 

In  Column  B  of  the  table  the  refraction  is  regarded  as  a 
function  of  the  tmz  zenith  distance  ^  expressed  under  the  form 

r  =  o'i5^>^'tan  C 

and  log  a',  A\  and  V  are  given  in  the  table  with  the  argument  f ; 
^  and  y  being  found  as  before. 

Column  A  will  be  used  when  z  is  given  to  find  ^ ;  and  Column 
B,  when  ^  is  given  to  find  2. 

Column  C  is  intended  for  the  computation  of  differential  re- 
fraction, or  the  difference  of  refraction  corresponding  to  small 


*  From  his  Attronomiaehe  Unienuchunfferif  VoL  I. 
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diflFerences  of  zenith  distance,  and  will  be  explained  hereafter 
(Miorometric  Observations,  Vol.  II.). 

These  tables  extend  only  to  85°  of  zenith  distance,  beyond 
which  no  refraction  table  can  be  relied  upon.  There  occur  at 
times  anomalous  deviations  of  the  refraction  from  the  tabular 
value  at  all  zenith  distances;  and  these  are  most  sensible  at 
great  zenith  distances.  Fortunately,  almost  all  valuable  astrono- 
mical observations  can  be  made  at  zenith  distances  less  than 
85°,  and  indeed  less  than  80° ;  and  within  this  last  limit  we 
are  justified  by  experience  in  placing  the  greatest  reliance  in 
Bessel's  Table.  In  an  extreme  case,  where  an  observation  is 
made  within  5°  of  the  horizon,  we  can  compute  an  approximate 
value  of  the  refraction  by  the  aid  of  the  following  supplement- 
ary table,  which  is  based  upon  actual  observations  made  by 
Argblandbr.* 


App.  nn. 
distance. 

log  RefVact. 

A 

A 

85°  (K 

2.76687 

1.0127 

1.1229 

30 

2.80590 

1.0147 

1.1408 

86  0 

2.84444 

1.0172 

1.1624 

80 

2.88555 

1.0204 

1.1888 

87  0 

2.93174 

1.0244 

1.2216 

30 

2.98269 

1.0298 

1.2624 

88  0 

8.03686 

1.0368 

1.3141 

30 

8.09723 

1.0465 

1.3797 

89  0 

8.16572 

1.0693 

1.4663 

30 

3.24142 

1.0780 

1.6789 

If  we  call  R  the  refraction  whose  logarithm  is  given  in  this 
table,  the  refraction  for  a  given  state  of  the  air  will  be  found  by 
the  formula 

Example  1. — Given  the  apparent  zenith  distance  z  =  78° 
30'  0'',  Barom.  29.770  inches,  Attached  Therm.  —  0°.4  F.,  Ex- 
ternal Therm.  —  2°.0  F. 

We  find  from  Table  11.,  Col.  A,  for  78°  30', 

log  a  =  1.74981  A  =  1.0032  X  =  Ij 

and  from  the  tables  for  barometer  and  thermometer, 


*  Tahdm  ReffiomofUa$m,  p.  589. 
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logB=  +  0.00253  logr  =  +  0.04545 

log  T=  +  0.00127 
log  /9  =  +  0.00380 

Ilence  the  refraction  is  computed  as  follows  : 

log  a  =      1.74981 

A  log  ^  =  log  ^^  =  +  0.00381 

>l  log  ^  =  log  r^  =  +  0.04694 

log  tan  z  =      0.69154 

r  ==  310".53  =  5'  10".63    log  r  ==       2.49210 

The  true  zenith  distance  is,  therefore,  78°  30'  0''  +  5'  10''.63  = 
78°  85'  10".58. 

Example  2. — Given  the  true  zenith  distance  f  =  78°  35' 
10".53,  Barom.  29.770  inches,  Attached  Therm.  —  0°.4  F., 
External  Therm.  —  2°.0  F. 

We  find  from  Table  H.,  Col.  B,  for  78°  85'  10", 

log  a'  =  1.74680  A'  =  0.9967  X'  =  1.0261 

and  from  the  tables  for  barometer  and  thermometer,  as  before, 

log  ^  =  +  0.00253  log  r  =  +  0.04545 

log  T=  +  0.00127 
log  iS  =  +  0.00380 

The  refraction  is  then  computed  as  follows : 

loga'=      1.74680 

A'  log  /?  =  log  /9^'  =  +  0.00379 

A'  log  r  =  log  r^'  =  +  0.04663 

log  tan  :  =       0.69489 

r  =  310".53"  =  5'  10".53  log  r  =       2.49211 

and  the  apparent  zenith  distance  is  therefore  78°  80'. 

Example  8. — Given  2  =  87°  30',  barometer  and  thermometer 
as  in  the  preceding  examples. 
By  the  supplementary  table  above  given, 

log  R  =       2.98269 

A  =  1.0298     log  /?  =  +  0.00380       log  /3^  =  +  0.00391 

X  =  1.2624     log  r  =  +  0.04545       log  r^  =  +  0.05738 

r=     18'26".6      logr   =       3.04398 
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It  is  important  in  all  cases  where  great  precision  is  required 
that  the  barometer  and  thermometer  be  carefully  verified,  to  see 
that  they  give  true  indications.  The  zero  points  of  thermo- 
meters are  liable  to  change  after  a  certain  time,  and  inequalities 
in  the  bore  of  the  tube  are  not  uncommon.  A  special  investi- 
gation of  every  thermometer  is,  therefore,  necessary  before  it  is 
applied  in  any  delicate  research.  If  the  capillarity  of  the  baro- 
meter has  not  been  allowed  for  in  adjusting  the  scale,  it  must  be 
taken  into  account  by  the  observer  in  each  reading. 

We  may  obtain  the  true  refraction  for  any  state  of  the  air 
within  V  or  2'',  very  expeditiously,  by  taking  the  mean  refrac- 
tion from  Table  I.  and  correcting  it  by  Table  XIV.  A,  and  Table 
XIV.  B.  The  mode  of  using  this  table  is  obvious  from  its 
arrangement.    Thus,  in  Example  1  we  find 

from  Table    I.,  Mean  refr.  =    4'  38".9 

«  XIV.  A,  for  Barom.  29.77,  Corr.  =  —    2  . 
«  XIV.  B,  «    Therm.  —  2<>.    «      =  +  32  . 
True  refr.  =  6'    9". 

which  agrees  with  Bessel*s  value  within  1".5.  For  greater 
accuracy,  the  height  of  the  barometer  should  be  reduced  to  the 
temperature  32°  F.,  which  is  the  standard  assumed  in  these 
tables.  The  corrected  height  of  the  barometer  in  this  example 
is  29.85,  and  the  corresponding  correction  of  the  refraction 
would  then  be  —  1";  consequently  the  true  refraction  would  be 
5'  IC,  which  is  only  0".5  in  error. 

These  tables  furnish  good  approximations  even  at  great 
zenith  distances.  Thus,  we  find  by  them,  in  Example  8,  r  = 
18'  24'^ 

108.  Investigation  op  the  refraction  formula. — ^In  this 
investigation  we  may,  without  sensible  error,  consider  the  earth 
as  a  sphere,  and  the  atmosphere  as  composed  of  an  infinite 
number  of  concentric  spherical  strata,  whose  common  centre  is 
the  centre  of  the  earth,  each  of  which  is  of  uniform  density,  and 
within  which  the  path  of  a  ray  of  light  is  a  straight  line.  Let  Q 
Fig.  16,  be  the  centre  of  the  earth,  A  a  point  of  observation  on 
the  surface;  CAZ  the  vertical  line ;  Aa\  a'b\  b'c\  &c.  the  vertical 
thicknesses  of  the  concentric  strata;  Se  a  ray  of  light  from  a  star 
S,  meeting  the  atmosphere  at  the  point  e,  and  successively  re- 
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fracted  in  the  directions  ed,  dc,  &c.  to  the  point  A.  The  last 
direction  of  the  ray  is  a-4,  which,  when  the  number  of  strata  is 
supposed  to  be  infinite,  becomes  a  tangent  to  the  curve  ecA  at  A^ 
and  consequently  AaS'  is  the  apparent  direction  of  the  star.  Let 
the  normals  Ce,  Qij  &c.  be  drawn  to  the  successive  strata.  The 
angle  Sef  is  the  first  angle  of  incidence,  the  angle  Ced  the  first 
angle  of  refraction.  At  any  intermediate  point  between  e  and  Ay 
as  c,  we  have  Ccdy  the  supplement  of  the  angle  of  incidence,  and 
Ccb,  the  angle  of  refraction. 
If  now  for  any  point,  as  c,  in  the  j)ath  of  the  ray,  we  put 

t  =  the  angle  of  incidence, 
/  =  the  angle  of  refraction, 

^  =  the  index  of  refraction  for  the  stratum  above  c, 
fi'  =  «  "  "        below  c, 

then,  Art.  105, 

^  =  fi  (148) 

K  we  put 

q  =  the  normal  Cc  to  the  upper  of  the  two  strata, 
^=  ''        Cb    "        lower        «  « 

t'  =  the  angle  of  incidence  in  the  lower  stratum, 
=  180^  —  CbCy 


the  rectilinear  triangle  Cbc  gives 


^ 


sin/       gr' 

which,  vsdth  the  above  proportion,  gives 

q  jjL  sin  i  =  ^fi'  sin  i' 

an  equation  which  shows  that  the  product  of  the  normal  to  any 
stratum  by  its  index  of  refraction  and  the  sine  of  the  angle  of 
incidence  is  the  same  for  any  two  consecutive  strata ;  that  is,  it 
is  a  constant  product  for  all  the  strata.    If  then  we  put 

z  =  the  apparent  zenith  distance, 

a  =  the  normal  at  the  observer,  or  radius  of  the  earth, 

fjLf,=  the  index  of  refraction  of  the  air  at  the  observer, 

we  have,  since  z  is  the  angle  of  incidence  at  the  observer, 

qfi  sin  i  =  apL^  sin  z  0^9) 
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in  which  the  second  member  is  constant  for  the  same  values  of 
z  and  [JL^. 
Now,  we  have  from  (148) 

tan  i  (I  -/)  =  ^^^tan  J  (i  +/) 

But  i  —f  IS  the  refraction  of  the  ray  in  passing  from  one  stratum 
into  the  next ;  and  supposing,  as  we  do,  that  the  densities  of  the 
strata  vary  by  infinitesimal  increments,  i  —f  is  the  differential  of 
the  refraction ;  and  we  may,  therefore,  write  \  dr  for  tan  \  (f  — /) 
and  d/x  for  fi!  —  ix\  consequently,  also,  2;/  for  fJt'  +  fit,  and  tan  i  for 
tan  i  (i  +/) :  hence  we  have 

dr  =  ^  tan  i  (150) 

A* 

which  is  the  differential  equation  of  the  refraction. 

But,  as. both  /i  and  i  are  variable,  we  cannot  integrate  this 
equation  unless  we  can  express  i  as  a  function  of  ft.  This 
we  could  do  by  means  of  (149)  if  the  relation  betv^^een  q  and 
fjL  were  given,  that  is,  if  the  law  of  the  decrease  of  density  of  the 
air  for  increasing  heights  above  the  surface  of  the  earth  were 
known.  This,  however,  is  unknown,  and  we  are  obliged  to 
make  an  hypothesis  respecting  this  law,  and  ultimately  to  test 
the  validity  of  the  hypothesis  by  comparing  the  refractions  com- 
puted by  the  resulting  formula  with  those  obtained  by  direct 
observation.  I  shall  first  consider  the  hypothesis  of  Bouguer, 
both  on  account  of  the  simplicity  of  the  resulting  formula  and 
of  its  historical  interest.* 

109.  IHrst  hypothesis, — ^Let  it  be  assumed  that  the  law  of  de- 
crease of  density  is  such  that  some  constant  power  of  the  refrac- 
tion index  /i  is  reciprocally  proportional  to  the  normal  j,  an 
hypothesis  expressed  by  the  equation 

*  I  shaU  consider  but  two  hypotheses :  the  first,  because  it  leads  to  the  simple 
formula  of  Bradley,  which,  though  imperfect,  is  often  useful  as  an  approximate 
expression  of  the  refraction;  the  second,  because  the  tables  formed  from  it  by 
Bessel  have  thus  far  appeared  to  be  the  most  correct  and  in  greatest  accordance  with 
observation,  although  on  theoretical  grounds  even  the  hypothesis  of  Bbssbl  is  open 
to  objection.  For  a  review  of  the  labors  of  astronomers  and  physicists  upon  this 
difficult  subject,  from  the  earliest  times  to  the  present,  see  Die  A»tronomi»che  StrahUn* 
brechung  in  ikrer  hittorisehen  Entmckelung  dargttteUtt  von  Da.  C.  Bbuhns.  Leipiig» 
1861. 
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(151) 


Ck) 


which  with  (149)  gives 

Bini=/^]rBin2;  (162) 

or,  logarithmically, 

log  sin  I  =  n  log  M  +  ^^g(  "^  ) 

where  the  last  term  is  constant.    By  differentiation,  therefore, 

di  dfi 

=  n  — 


tan  i  M 

which  with  (150)  gives 

_        di 

dr  =  — 

n 


and,  integrating. 


n 


To  determine  the  constant  C,  the  ihtegral  is  to  be  taken  from 
the  upper  limit  of  the  atmosphere  to  the  surface  of  the  earth. 
At  the  upper  limit  r  =  0 ;  and  if  we  put  i?  =  the  value  of  i  at  that 
limit,  we  have 


n    ' 


At  the  lower  limit  the  value  of  r  is  the  whole  atmospheric 
refraction,  and  i  =  z:  hence 


r  =  -  +C 
n 

Eliminating  the  constant,  we  have 

r  =  i^  (163) 

To  find  I?,  we  have,  by  putting  /£  =  1  in  (152),  since  the  density 
of  tiie  air  at  the  upper  limit  is  to  be  taken  as  zero, 

sm  *  = (154) 

UaviDg  then  found  /i^  at  the  surface  of  the  earth  and  suitably 
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determined  w,  we  find  t?  by  (154),  and  then  r  by  (153).  The  two 
equations  may  be  expressed  in  a  single  formula  thus : 

which  is  known  as  Simpson's  formula,  but  is  in  fact  equivalent 
to  the  formula  first  given  by  Bououer  in  1729  in  a  memoir  on 
refraction  which  gained  the  prize  of  the  French  Academy. 
From  (154)  we  find 

sin  z  —  sin  * Ao*  —  1 

sin  2  +  sin  d       ^i^*  +  1 
whence 

tan  i(2r  —  ^)  =  ^^lLzlI  tan  J  (2r  +  *) 
AS,*+  1 

and,  reducing  by  (153), 

tan-r  =  ^^5!lzii  tan/z  —  -  r)  (156) 

which  is  equivalent  to  Bradley's  formula.  If  we  are  content  to 
represent  the  refraction  approximately  by  our  formula,  we  can 
write  this  in  the  form 

r  =  g  tan  {z  —  /r) 

and  we  shall  find,  with  Bradley,  that  for  a  mean  state  of  the  air 
corresponding  to  the  barometer  29.6  and  thermometer  50°  Fahr. 
we  can  express  the  observed  refractions,  very  nearly,  by  taking 

g  =  57".086,        /  ==  8. 

110.  But,  as  we  wish  our  formula  to  represent,  if  possible,  the 
actual  constitution  of  the  atmosphere,  let  us  endeavor  to  test  the 
hypothesis  upon  which  it  rests.  In  order  to  correspond  with  the 
real  state  of  nature,  it  is  necessary  that  the  constitution  of  the  atmo- 
sphere which  the  hypothesis  involves  should  not  only  agree  with  the 
observed  refractiony  but  also  xoith  the  height  of  the  barometer^  and  wUh 
the  observed  diminution  of  heat  as  the  altitude  of  the  observer  above  the 
earths  surface  increases. 

The  discussion  of  the  formula  will  be  more  simple  if  we  sub- 
stitute the  density  of  the  air  in  the  place  of  the  index  of  refrac- 
tion.   Put 

d^  =  the  density  of  the  air  at  the  surface  of  the  earth, 
d  =  the  density  of  the  air  at  any  point  above  the  surface. 
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The  relation  between  d  and  //,  according  to  Optics,  is  expressed  by 

p*  —  l  =  4kd  (157) 

in  which  4  A:  is  a  constant  determined  by  experiment.    Accord- 
ing to  the  experiments  of  Biot, 

4k  =  0.000688768 

Since  k  is  so  small  that  its  square  will  be  inappreciable,  we  may 
take 

,i  =  (l+Aki}i  =  l  +  2kd  (158) 

and,  consequently, 

Ai,  =  1  +  2H 
Aio*  =  l  +  2nH 

and  (156)  becomes,  still  neglecting  A*, 

tan  —  r  =  nkd^  tan  \z r\  (159) 

If  we  denote  the  horizontal  refraction,  or  that  for  z  =  90°,  by  r^, 
this  formula  gives 

tan  ~  r^  =  nkd^  cot  ^  r^ 

or  tan  —  r^  =  \/nkd^ 

ii 

n 
and,  putting  the  small  arc  —  r^  for  its  tangent. 


4H 


(160) 


We  can  find  d^  from  the  observed  state  of  the  barometer  and 
thermometer  at  the  surface  of  the  earth,  so  that  in  order  to  com- 
pute the  horizontal  refraction  by  this  formula,  for  the  purpose 
of  comparing  it  with  the  observed  horizontal  refraction,  we  have 
only  to  determine  the  value  of  n. 
Let 

X  =  the  height  of  any  assumed  point  in  the  atmosphere  above 
the  surface  of  the  earth, 
$^  p^  g  =  the  density  and  pressure  of  the  air,  and  the  force  of  grav- 
ity, respectively,  at  that  point, 
Og,  i>o'  9q  =  ^^®  same  quantities  at  the  earth's  surface. 
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At  an  elevation  greater  than  x  by  an  infinitesimal  distance  dr, 
the  pressure  ;>  is  diminished  by  dp.  The  weight  of  a  column  of 
air  whose  height  is  dx,  density  ^,  and  gravity  g^  is  expressed  by 
gidx^  and  this  is  equal  to  the  decrement  of  the  pressure;  hence 
the  equation 

dp  =  —  g^dx 

By  the  law  of  gravity,  we  have 


and  hence 

dx 
dp  =  —  gfi^d 


(a  +  xy 


Now,  in  the  hypothesis  under  consideration,  we  have 

a  +  x      \.a,/  U  +  4&3,/ 

or,  neglecting  the  square  of  A:, 

-^  =  l-2(n  +  l)A(».-«) 
which  gives 

Hence 

dp  =  2gfi(n  +  l)A:dd^ 
Integrating, 

P  =  g,a(n  +  \)kd^  (162) 

no  constant  being  necessary,  since  p  and  ^  vanish  together. 
To  compare  this  with  the  observed  pressure  p^y  let 

I  =  the  height  of  a  column  of  air  of  the  density  d^  which  acted 
upon  by  the  gravity  g^  will  be  in  equilibrium  with  the  pres- 
sure ;)o5 

in  other  words,  let  I  be  the  height  of  a  homogeneous  atmosphere 
of  the  density  d^  which  would  exert  the  pressure  p^.  Then,  by 
this  definition, 

P,  =  9Al  (163) 
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which  with  (162)  gives 

^=(n  +  l)f  *^  (164) 

At  the  surface  of  the  earth,  where  p  becomes  p^  and  8  becomes 
df^  this  equation  gives 

l  =  (n+l)^.H  (165) 

whence  i 

and  this  reduces  the  expression  of  the  horizontal  refraction  (160)  to 

Taking  as  the  unit  of  density  the  value  of  d^  which  corre* 
sponds  to  the  barometer  0.76  metres  and  thermometer  0°  C, 
we  have,  according  to  Biot, 

4:kd^  =  0.000588768 

The  constant  I  for  this  state  of  the  air  is  the  height  of  a  homo- 
geneous atmosphere  which  would  produce  the  pressure  0".76  of 
the  barometer  when  the  temperature  is  0°  C. ;  and  this  height  is 
to  that  of  the  barometric  column  as  the  density  of  mercury  is  to 
that  of  the  air.  According  to  Regnault,  for  Barom.  0*.76  and 
Therm.  0°  C,  mercury  is  10517.3  times  as  heavy  as  air:  hence 
we  have 

I  =  0*  76  X  10517.3  =  7993«  15 

For  a  we  shall  here  use  the  mean  radius  of  the  earth,  since  we 
have  supposed  the  earth  to  be  spherical,  or 

a  =  6366738  metres 
which  gives 

-  =  0.00125545  (167) 

Substituting  these  values  in  (166),  we  find,  after  dividing  by 
sin  1''  to  reduce  to  seconds, 

r„  ==  1824"  =  30'  24" 

But^  according  to  Argblander's  observations,  we  should  have 
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forBarom.  0«.76  and  Therm.  0°  C,  r^=  37'  81'';  and  the  hypothesis 
therefore  gives  the  horizontal  refraction  too  small  by  more  than  7'. 

111.  The  hypothesis  can  be  tested  further  by  examining 
whether  it  represents  the  law  of  decreasing  temperatures  for 
increasing  heights  in  the  atmosphere.  In  the  first  place,  we 
observe  that  in  this  hypothesis  the  densities  of  the  strata  of  the  atmxh 
sphere  decrease  in  arithmetical  progression  ivhen  the  altitudes  increase 
in  arithmetical  progression.  For,  since  x  is  very  small  in  compari- 
son with  a,  we  have  very  nearly 


a  +  X 


=1-^ 


and  hence 


f  =  2(n  +  l)^l-.^) 
or,  by  (165), 

^  =  2z(l-i)  (168) 

which  shows  that  equal  increments  of  x  correspond  to  equal 
decrements  of  d. 

This  last  equation  also  gives  for  the  upper  limit  of  the  atmo- 
sphere, where  d  =  0yX  =  2l;  that  is,  in  this  hypothesis  the  height  of 
the  atmosphere  is  double  that  of  a  homogeneous  atmosphere  of  the  sarru 
pressure. 

Again,  we  have,  by  (164),  (165),  and  (168), 

^»  =  ^=1~^  (169) 

The  function  ^  expresses  the  law  of  heat  of  the  strata  of  the 

atmosphere.  For  let  Tq  be  the  temperature  at  the  surface  of  the 
earth,  t  the  temperature  at  the  height  x.  If  the  temperature 
were  Tq  in  both  cases,  we  should  have 

Po  ^0 

but  when  the  temperature  is  changed  from  t^  to  t  the  density  is 
diminished  in  the  ratio  1  +  e  (r  —  r^) :  1,  «  being  a  constant  which 
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is  known  from  experiment;  so  that  the  true  relation  between 
the  pressures  and  densities  at  different  temperatures  is  expressed 
by  the  known  formula 


whence 


Po        o^ 

J^  =  l  +  e(r-r,)  (171) 

which  combined  with  (169)  gives 

and  hence  equal  increments  of  x  correspond  to  equal  decrements 
of  r.  Hence,  in  this  hypothesis^  the  heat  of  the  strata  of  the  atmo- 
sphere decreases  as  their  density  in  arithmetical  progression.  The 
value  of  €,  according  to  Rudberg  and  Regnault,  is  very  nearly 

1  21 

— .    Hence  we  must  ascend  to  a  height  —  =  58.6  metres,  in 

order  to  experience  a  decrease  of  temperature  of  1®  C.  But, 
according  to  the  observations  of  Gay  Lussac  in  his  celebrated 
balloon  ascension  at  Paris  (in  the  year  1804),  the  decrease  of 
temperature  was  40^.25  C.  for  a  height  of  6980  metres,  or  1°  C. 
for  173  metres,  so  that  in  the  hypothesis  under  consideration 
the  height  is  altogether  too  small,  or  the  decrease  of  temperature 
is  too  rapid.  This  hypothesis,  therefore,  is  not  sustained  either 
by  the  observed  refraction  or  by  the  observed  law  of  the  decrease 
of  temperature. 

112.  Second  hypothesis. — ^Before  proposing  a  new  hypothesis, 
let  us  determine  the  relation  between  the  height  and  the  density 
of  the  air  at  that  height,  when  the  atmosphere  is  assumed  to  be 
throughout  of  the  same  temperature,  in  which  case  we  should 
have  the  condition  (170).  Resuming  the  differential  equation 
(161), 

\a  +  xf 
put 
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in  which  5  is  a  new  variable  very  nearly  proportional  to  z.    We 
then  have 

4p  =  —  g^adds 

which  with  the  supposition  (170)  gives 

dp go^sds 

P  Po 


Integrating, 


logp  =  ^^a8  +  C 
^^  Po 


in  which  the  logarithm  is  Napierian.  The  constant  being 
determined  so  that  p  becomes  p^  when  s  =  0,  we  have 

\ogp^=C 
and  therefore 

log  5  =  —  ^  ^5  =  —  y 

Po  Po  « 

where  I  has  the  value  (163).    Hence,  e  being  the  Napierian  base, 
^  =  ^  =  e-T  (172) 

Po  ^0 

which  is  the  expression  of  the  law  of  decreasing  densities  npon 
the  supposition  of  a  uniform  temperature.  In  our  first  hypo- 
thesis the  temperatures  decrease,  but  nevertheless  too  rapidly. 
We  must,  then,  frame  an  hypothesis  between  that  and  the  hypothesis  of 
a  uniform  temperature. 

Now,  in  our  first  hypothesis  we  have  by  (169),  within  terms 
involving  the  second  and  higher  powers  of  5, 

?i«  —  1  —  ?? 
p^d  "■  21 

and  in  the  hypothesis  of  a  uniform  temperature, 

^  =  1 

Po^ 

The  arithmetical  mean  between  these  would  be 
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bat,  as  we  have  no  reason  for  assuming  exactly  the  arithmetical 
mean,  Bessel  proposes  to  take 

h  being  a  new  Constant  to  be  determined  so  as  to  satisfy  the  observed 
refractions.  This  equation,  which  we  shall  adopt  as  our  second 
hypothesis,  expresses  the  assumed  law  of  decreasing  tempe- 
ratures, since,  by  (171),  it  amounts  to  assuming 


Of 


l  +  e(r-ro)  =  6-*  (174:) 

and  it  follows  that  in  this  hypothesis  the  temperatures  will  not 
decrease  in  arithmetical  progression  with  increasing  heights, 
though  they  will  do  so  very  nearly  for  the  smaller  values  of  s^ 
that  is,  near  the  earth's  surface. 
Now,  combining  the  supposition  (173)  with  the  equation 

dp  =  —  g^fldds 
we  have 

Ji=:^^l^ehds  = eh  ds 

P  Po  I 

Integrating  and  determining  the  constant  so  that  for  5  =  0,  jt) 
becomes  p^  we  have 


h 


which  with  (178)  gives* 

Inasmuch  as  the  law  of  the  densities  thus  expressed  is  still 

hypothetical,  we  may  simplify  the  exponent  of  e.    For  if  h  is 

much  greater  than  I  (as  is  afterwards  shown),  we  may  in  this  ex- 

«  as 

ponent  put  e  *  —  1  =  y  ^^^  we  shall  have  as  the  expression 


of  our  hypothesis 


d  =  d.e    «A=do^      *     «  ^-^ '  ^) 


*  BiasiL.    Fondamenta  Astronomin,  p.  28. 
Vol.  L— 10 
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By  comparing  this  with  (172),  we  see  that  this  new  hypothesis 
differs  from  that  of  a  uniform  temperature  by  the  correction  j 

applied  to  the  exponent  of  e. 
Putting,  for  brevity, 

ys  =  ^-j  (176) 

we  have 

d  =  d,  e-^  (177) 

in  which  p  is  constant.     This  expression  of  the  density  is  to  be 
introduced  into  the  differential  equation  of  the  refraction  (150). 
Now,  by  (149),  in  which  j  =  a  +  x,  we  have 


sin  t  = 

fl/iosinz        (1 

-S)  ft, 

Binz 

"  (a  +  x)m-  "" 

whence 

tan  t 

8 
1/(1 

lin  t 

(1-5) 

sin  z 

—  sin*  I)          /  Vfi* 

-(1- 

-  sy  sin 

'z 

(1  - «) , 

Bin  z 

J  jcoB' z  —  ll  —~  \+  (2e  —  «*)  8in» z\ 


From  the  equation  fj?=l  +  4kdwe  deduce 

dn_     2kd» 
M  ""  1  +  4A« 

and  if  we  introduce  as  a  constant  the  quantity 

_      2H_ 


(178) 


1  +  4W, 
(which  for  Barom.  0".76  and  Therm.  0°  C.  is  a  =  0.000294211) 

dS 

a  — 
dfJL ^ 

We  might  neglect  the  square  of  i,  and  consequently,  also,  that  of 
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a,  with  hardly  appreciable  error,  and  then  this  expression  would 
become  simply  a  —,  but  for  greater  accuracy  we  can  retain  the 

denominator,  employing  its  mean  value,  as  it  varies  within  very 
narrow  limits.  For  its  greatest  value,  when  d  =  5^,  is  =  1, 
and  its  least  value,  when  5  =  0,  is  =  1  —  2a,  and  the  mean 
between  these  values  is  1  —  a.     Hence  we  shall  take 

dfi  a        dd 

A*    ""1  — a    d^ 

In  the  denominator  of  the  value  of  tan  i  we  have  also  to  sub- 
stitute 


l-f!L=:i_^  +  ^*^ 


M.\  1  +  4kd, 

Therefore,  substituting  in  (160),  we  have 


■(•4) 


dS 
a  sin  Z  (1  —  5)  — 

dr= ^ 


(1  —  •)  [co8»  z  —2all  —  —  \+  (28  —  s*)  sin'  z] * 

or,  by  (177), 

, —  afi  sin  z  (1  —  8)  e^^'ds 

"~  (1  —  a)  [C08«2  —  2a  (1  —  6"^)  +  (2s  — 5«)  sln'^]  * 

In  the  integration  of  this  equation  we  may  change  the  sign  of 
the  second  member,  since  our  object  is  only  to  obtain  the 
numerical  value  of  r.  It  is  apparent  that  if  we  put  1  for  1  —  s 
in  the  numerator  of  this  expression,  and  also  neglect  the  term 
s^sm^z  in  the  denominator,  the  error  will  be  almost  or  quite 
insensible ;  but,  not  to  reject  terms  without  examination,  let  us 
develop  the  expression  into  series.  For  this  purpose,  put  the 
radical  in  the  denominator  under  the  form  i/  y^  —  s^&in^Zj  in 
which 

y  =  [cos*  ^  —  2a  (1  —  e-^O  +  2$  sin*  2]* 


Then 


1 — 8  I—5/-       «*8in*^\-i 


/-  «*8in*^\- 


(yt — 5«8in*2:)i  y     \  y> 

1  —  5  /  -    .5*  sin'  z 
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"  y  2/ 

Hence,  restoring  the  value  of  y,  we  have 

a/9  sin  z  e^^ds 


dr: 


(1  —  a)  [cos*  g  —  2a  (1  —  e-^  +  28  sin«  z]i 

afi  sin  g  e^^sds  [cos*  ^  —  2a  (1  —  e~^  +  5  «  sin*  e] 
(1  —  a)  [cos*  g  —  2a  (1  —  e-^  +  28  sin*  z]i 

—  &c (179) 

We  shall  hereafter  show  that  the  second  term  of  this  develop- 
ment is  insensible.  Confining  ourselves  for  the  present  to  the 
first  term,  let  us,  after  the  method  of  Laplacb,  introduce  the  ne\9 
variable  5'  such  that 

,  =  ^  +  ^(lz:£l!0  (180) 

sm*  z 
then  this  term  takes  the  form 

,  aPsm  ze^^ds  ^«,, 

dr  = V  (181) 

(1  —  a)  [cos* z  4-  25'  sin*  z^i  ^ 

in  which  we  have  yet  to  reduce  the  numerator  to  a  function  of 
the  new  variable  5'.    Now,  by  Lagrange's  Thecyrem^*  when 

*  See  PiiBCB*8  Carres  and  FaDOtions,  Vol.  I.  Art.  181.  For  the  conTenience  of 
the  reader,  howeTer,  I  add  the  following  demonstration  of  this  theorem.  It  !s  pro* 
posed  to  deTelop  the  function  u  =zfy  in  a  series  of  ascending  powers  of  z,  x  and  y 
being  connected  by  the  equation 

and  the  ftinotions/and  ^  being  glyen.  If  fVom  this  equation  y  could  be  found  as  an 
explicit  function  of  x  and  substituted  in  the  equation  u  =fy,  the  development  could 
be  effected  at  once  by  Maclaurin's  Theorem,  according  to  which  we  should  hare 

«  =  tio  +  />.«o*  +  />.*t«o  T^  +  . .. .  +  ^/•'o^-T^ +  &o- 

where  u^,  Dj^  &c.  denote  the  ralues  of  u  and  its  successive  derivatives  when  x  =r  0. 
It  is  proposed  to  find  the  values  of  the  derivatives  without  recourse  to  the  elimination 
of  y,  as  this  elimination  is  often  impracticable.    For  brevity,  put  F  ss  ^ ;  then  the 

derivatives  of 

y^t  +  xT 

relatively  to  x  and  t  are 
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we  have 

i)»  [(^«')Myy]  +  &c. 


1.2.3 


In  which/  and  ip  denote  any  functions  whatever,  and  2),  J',  &c, 
the  successive  derivatives  of  the  functions  to  which  they  are 
prefixed.    Hence,  by  putting 

1  — «"^* 
sin*  z 

this  theorem  gives 

whence,  eliminating  x, 

Multiplying  this  Dj  i)ytf,  it  gives 

D^uz=zTD^u  (a) 

The  deriratiTe  of  this  equation  relatiTely  to  t  is 

i?.[Au]=z),[ri?,«] 

This  is  a  general  theorem,  whatever  function  u  is  of  y,  and  consequently,  also,  what- 
ever fhnction  D^u  is  of  y.  We  may  then  substitute  in  it  the  function  Y^D^u  for  D^u, 
and  we  shall  have 

DJi  r»Z>,tt]  ==  2>,  [  r- + >/>,«]  (ft) 

'  Now,  the  successive  derivatives  of  (a)  relatively  to  x  are,  by  the  successive  appli- 
eation  of  (6),  making  n  =  1,  2,  8,  &o., 

But  when  x  ==  0,  we  have  y  =  ^  J*  =  ^/,  and  hence 

11^  =  A        Z>,«^  =  ^./)yi!,     ...     />/iio  =  />— >[(^0"^/5] 

where  the  subscript  letter  of  the  D  is  omitted  in  the  second  members  as  unnecessary, 
since  t  is  now  the  only  variable.  These  values  substituted  in  Maclaurin's  Theorem 
give  Lagrange's  Theorem : 
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Bin' 2  «-  -• 

-  ,  f^      D  [(1  -  e-f^'Je  -"'l 

'* ^^  l)"  r(l  -  c-«"')»  «-"•'] 


1.2.3  Bin'^r 


^"'^  l>-^[(l-c-^'>  «"'*''] 


1.2.3...nBin«»2r 
—  &c.  (182) 

But  we  have  in  the  numerator  of  (181) 

and  hence,  differentiating  (182)  and  substituting  the  result  in 
(181),  we  find 

dr== aPBinzds^ _L-^''+-?-D[(l-e-^'>-'"1 

^1.28in*^       »-^  ^  -■ 


^  1.2.3. ..nsin**^        L^  ^^  ^        J 

+  &c.  I  (183) 

To  effect  the  differentiations  expressed  in  the  several  terms  of 
this  series,  we  take  the  general  expression 

(l_g-^'')"e-^''  =  (-e-^''  +  l)«€-^" 

where  the  upper  sign  is  to  be  used  when  n  is  even,  and  the  lower 
sign  when  n  is  odd.  Differentiating  this  n  times  successively, 
we  have 

I)-[(l-.e-/J*7e-^'']=4.^«[(n+l)»c--<»  +  i)^''— n«nc--"''''+&c.] 
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by  means  of  which,  making  n  =  1  •  2 .  8 .  .  •  successively,  we 
reduce  (183)  to  the  following  form : 

(l_a)[coB»2r+2«'Bin»^]H  sin"  2^ 

+ ^ (3'c-»^''  — 2>.2c-2^*'+e-^'') 

^1.2  Bin* 2:^  ^  ' 

.  — "^ (4«c-*^''-3«.3e-»^''+2».3e-2^'-e-'»'') 

^1.2.3sin«2^  ^  ' 

+  &c.  I  (184) 

We  have  now  to  integrate  the  terms  of  this  series,  after  having 
multiplied  each  by  the  factor  without  the  brackets.  The  inte- 
grals are  to  be  taken  from  the  surface  of  the  earth,  where  5  =  0, 
to  the  upper  limit  of  the  atmosphere ;  that  is,  q  being  the  nor- 
mal to  any  stratum  (Art.  108),  they  are  to  be  taken  between  the 
limits  q  —  a  and  q  =  a  +  H^  H  being  the  height  of  the  atmo- 
sphere. Now,  this  height  is  not  known ;  but  since  at  the  upper 
limit  the  density  is  zero  and  beyond  this  limit  the  ray  suffers 
no  refraction  to  infinity,  we  can  without  error  take  the  integrals 
between  the  limits  q  =  a  and  q  =  ao^  i.e.  between  s  =  0  and 
5  =  1.  But  we  may  make  the  upper  limit  of  s  also  equal  to  in- 
finity. For,  by  (176),  ^  will  not  differ  greatly  from  ^,  and  conse- 
quently  will  be  a  very  large  number,  nearly  equal  to  800,  as  we 
find  from  (167) ;  hence  for  5  =  1  we  have  in  (172)  d  — ^ 


(2.718.. )~ 

which  will  be  sensibly  equal  to  zero,  and  consequently  the  same 
as  we  should  find  by  taking  5  =  oo .    Hence  the  integrals  may 
be  taken  between  the  limits  5  =  0  and  5  ==  ao ;  consequently, 
also,  according  to  (180),  between  the  limits  5'  =  0  and  5'  =  ao . 
Now,  as  every  term  of  the  series  will  be  of  the  form 

—  (185) 


[cos*  2+2s^  8in«  z'fi       [cot'  2r  +  2  5']  * 

multiplied  by  constants,  we  have  only  to  integrate  this  general 
form.     Let  t  be  a  new  variable,  such  that 

Oft 

oof2  +  2«'  =  ^  (186) 
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then  (185)  becomes 

^  n 
the  integral  of  which  is  to  be  taken  from  /  = 

yj^  cot  z=T  (1«7) 

to  <  =  00 ,  which  are  the  limits  given  by  (186)  for  s^=0  and 
a'  =  00 .    K,  therefore,  we  denote  by  4^  W  ^  function  such  that 

J^*(ttc-'*=e-¥-^'4(n) 
or 

4(70  =  e'^**e-"  (188) 

tlio  integral  of  (186)  will  become 

r     ^-^'""--~'""'     =v^-i^  (189) 

Substituting  this  value  in  (184),  making  successively  n  =  1,  2,  8, 
&c.,  we  find  the  following  expression  of  the  refraction: 


-•i^fl^c^) 


+  i^P*+<2)-4(l)] 

+  1.2'!L^  [8*4(8) -2*.  24(2) +  4(1)] 

+  13^^^  t^**(^>-^*  84(3)  +  2*.84(2)-4(l)] 

+&0.  I  a»o) 

which,  since  we  have  in  general 

1       *  j_   ^  "^      _i_         — • 

1  "'■l.2~lT2'.8  + * 
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can  alBO  be  written  as  follows  :* 

[+     2*   •  -^  e"^  ^(2) 
^  '  8in*^  ^^  ^ 

118.  The  only  remaining  difficulty  is  to  determine  the  func- 
tion '4Kn),  (188).  In  the  case  of  the  horizontal  refraction,  where 
cot  z  =  0  and  therefore  also  jT  =  0,  this  function  becomes 
independent  of  (n),  and  reduces  to  the  well-known  integralf 


X 


\te'''  =  ^  (192) 


«  Laplaob,  MSeanique  CiUsU,  Vol.  lY.  p.  186  (Bowditoh*8  Translation);  where, 
howeyer,  ^  stands  in  the  plaoe  of  the  more  general  symbol  p  here  employed.    This 

form  of  the  refraction  is  dae  to  Kbamp,  Analyse  dea  rSJractitnu  tutronomiquea  et  ter^ 
restrea^  Strasbourg,  1799. 

f  This  useful  definite  integral  may  be  readily  obtained  as  follows.    Put  k  = 

di  e^ii.     Then,  since  the  definite  integral  is  independent  of  the  yariable,  we 
o 

also  have  ft  =  )     doe^^^ ,  and,  multiplying  these  expressions  together, 

*•=  f*  di  «-"  r  "^do  e-**  ==  f*  f^dt  dv  <.-(«  +  ••) 
the  order  of  integration  being  arbitrary.    Let 

V  z=iu;  whence  dv  =  tdu 
(for  in  integrating,  regarding  v  as  rariable,  t  is  regarded  as  constant) :  thei  we  have 

Xoo  /•oo  /•CO        /•oo 

I    A*.*.  te-«(i+«»)=  I    dul    *.te-«a  +  t«) 

=  f  *iii.  _J ^  =  1  (Un-»  00  — tan  -^  0)  =^ 

•'o  2(l  +  «»)       ^^  '4 

whence 

^0  ~    2 
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where  tc  =  8.1415926  .  • . .  The  expression  for  the  horizontal 
refraction  is  therefore  found  at  once  by  putting  J|/jr  for  'J/  (n) 
in  every  term  of  (191),  and  sin  2  =  1,  namely: 


(193) 


'^1.2.3      ^ 

^4-&c. 

For  small  values  of  T^  that  is,  for  great  zenith  distances,  we 
may  obtain  the  value  of  the  integral  in  (188)  by  a  series  of 
ascending  powers  of  T.    We  have 

/•qd  y*Qo  /*r 

I     dte-'*=l     dte"'*^}     dte-^*  (194) 

The  first  integral  of  the  second  member  is  given  by  (192).  The 
second  is 

f^dte  -"=  f^dtll^t'+-^ ^-|.&c.\ 

•^0  '^o        \  ^1.2       1.2.3  ^        / 

=  T——  +  -^^'- ^—  .  —  +  Ac.  (196) 

3    ^  1.2     6        1.2.3     7    ^  ^ 

Another  development  for  the  same  case  is  obtained  by  the  suc- 
cessive application  of  the  method  of  integration  by  parts,  as 
follows:* 

fdte-'*  =  t  e-"  +  2  J<«(i<e-" 


♦  By  the  formulayxd^  =  xy  —fv^^  making  always  x  =  «~",  and  dfy  saccet* 
Bively  =  di,  t^dt,  t\dt,  &o. 


SECOI^D  HYPOTHESIS.  155 

\    ^    8  ^  3.5   ^3.5.7^       / 
whence,  by  introdaciug  the  limits, 

•^0  \    ^    3    ^    3.5    ^3.5.7^        /    ^      ^ 

As  the  denominators  increase,  these  series  finally  become  con- 
vergent for  all  values  of  T;  but  they  are  convenient  only  for 
small  values. 

For  the  greater  values  of  7",  a  development  according  to  the 
descending  powers  may  be  obtained,  also  by  the  method  of 
integration  by  parts,  as  follows  :*  We  have 

Hence 

^T  2r\       2r«^(2 Ty     (2 T-^y  ^ 

^1.3.5..>(2n~l))       1.3.5...(2n  +  l)/--    dt  , 

The  sum  of  a  number  of  consecutive  terms  of  this  series  is 
alternately  greater  and  less  than  the  value  of  the  integral.  .  But 
since  the  factors  of  the  numerators  increase,  the  series  will  at 
last  become  divergent  for  any  value  of  T.  Nevertheless,  if  we 
stop  at  any  term,  the  sum  ofaU  the  remaining  term^  will  be  less  than 
this  term;  for  if  we  take  the  sum  of  all  the  terms  in  the  brackets, 
the  sum  of  the  remaining  terms  is 

,.1.8.5.. .(2n  +  l)r°-    dt    ^.,, 

*  By  the  fonnulayx  dy  =  xy  — fy  dz,  making  always  dy  =  t  dt  «  ""  " ,  and  z 
succeasiTely  =  -.  - »  -^»  &o. 
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The  integral  in  this  expression  La  evidently  less  than  the  product 
of  the  integral 


fin  +  t    "" 


(2n  +  l)r>-^» 


multiplied  by  the  greatest  value  of  6~"  between  the  limits  Tand 
00 ,  and  this  greatest  value  is  c^.  Ilenee  the  above  remainder 
is  always  numerically  less  than 

_1.3.5....(2n— 1)    «rr 
-h ^ e 

which  expression  is  nothing  more  than  the  last  term  of  the  series 
(when  multiplied  by  the  factor  without  the  brackets),  taken  with 
a  contrary  sign.  Hence,  if  we  do  not  continue  the  summation 
until  the  terms  begin  to  increase,  but  stop  at  some  sufficiently 
small  term,  the  error  of  the  result  will  always  be  less  than  this 
term. 

Finally,  the  integral  may  be  developed  in  the  form  of  a  con- 
tinued fraction,  as  was  shown  by  Laplace.    Putting  for  brevity 

l/i        1,1.3       1.3.5.  .\         ,,^o^ 
4(n)  =  w.  =  —  1 1 — h  &o.  I         (198) 

and  denoting  the  successive  derivatives  of  w^  relatively  to  Tby 
Uj,  Uj,  &c.,  we  have  first 

1     .     1.8        1.3.5   ,   .  ^.^. 

iL  = --T-  +  &a  (199) 

^  2T»       (2Ty      (2T*y  ^ 

or 

tf,  =  22\£o  — 1  (200) 

Differentiating  this  equation,  successively,  we  have 

w,  =  22\£i  +  2tto 

w,  =  22\i. +  4tti 

u,  =  2Tu,  +  6u, 

&c. 

or,  in  general, 

ti„+i  =2Tu^  +  2nUn^i 

n  having  any  value  in  the  series  1 . 2 .  8 . 4 . . .  &c. 
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Hence  we  derive 

Un  2n 

t 

or,  putting 


^-1  2T     ^  +  ^ 


*  =  -^  (201) 


2r» 


By  (200)  we  have 


..©' 

«0  = 

1- 

1 

2T 

1 

(202) 


(208) 


or 

But  from  (202),  by  making  n  successively  1,  2,  8,  &c.,  we  have 

which  snccessively  substituted  in  (208)  give 
1 


22^,= 


1+*- 


1  +  ^ 


1  +  !* 


1+^ 

^  1  +  &c.  (204) 

This  can  be  employed  for  all  values  of  T,  but  when  k  exceeds  J 
it  will  be  more  convenient  to  employ  (195)  or  (196). 
The  successive  approximating  fractions  of  (204)  are 

1,  1  1  +  2A:  1  +  5A:  1  -|-   9<:  +   8A' 

i'        1+a'        i:j-8Ar'        l  +  Oft+SA*         1  +  lOA  +  15A»'    **" 

and,  in  general,  denoting  the  n**  approximating  fraction  by  — , 
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an  _  an-^1  +  (n  —  1)  kan^t 
bn       6»-.i  +  (n  — l)/:6n«2 

By  the  preceding  methods,  then,  the  function  ^^/{n)  can  be 
computed  for  any  value  of  T.  A  table  containing  the  logarithm 
of  this  function  for  all  values  of  T  from  0  to  10,  is  given  by 
Bessel  {Fundamenta  AstronomicB^  pp.  36,  87),  being  an  extension 
of  that  first  constructed  by  Kramp.  By  the  aid  of  this  table  the 
computation  of  the  refraction  is  greatly  facilitated, 

114.  Let  us  now  examine  the  second  term  of  (179.)  This  term 
will  have  its  greatest  value  in  the  horizontal  refraction,  when 
z  =  90°,  in  which  case  it  reduces  to 

aPe'^  Sds  [I  5  —  2a  (1  —  «-^*)] 
(1  — a)  [25  — 2a(l  — e-^)]* 

Moreover,  the  most  sensible  part  of  the  integral  corresponds  to 
small  values  of  s,  and  therefore,  since  a  is  also  very  small,  wc 
may  put  2a  (1  —  c~^*)  =  2a^s.    The  integral  thus  becomes 

2»(1— a)(l— ai9)**^0 

Now  we  have,  by  integrating  by  parts. 


^  S  28  •^ 


and  hence 

^0  2/9  •^o 

Putting  ^s  =  a?,  this  becomes,  by  (192), 

Hence  the  teim  'becomes 

»  (3  —  4afi)  I'T 

8(l_»)(l_»/9)!\2/9 


-    f 
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Taking  Bessel's  value  of  A  =  116866.8  toises*  =  227775.7 
metres,  and  the  value  of  1  =  7993.15  metres  (p.  141),  we  find  by 
(176)  fi  =  768.57.  Substituting  this  and  a  =  0.000294211  (p.  146), 
the  value  of  the  above  expression,  reduced  to  seconds  of  arc  by 
dividing  by  sin  1",  is  found  to  be  only  0".72,  which  in  the  hori- 
zontal refraction  is  insignificant  This  term,  therefore,  can  be 
neglected  (and  consequently  also  all  the  subsequent  terms),  and 
the  formula  (191)  may  be  regarded  as  the  rigorous  expression  of 
the  refraction. 

115.  In  order  to  compute  the  refraction  by  (191),  it  only  re- 
mains to  determine  the  constants  a  and  j9.  The  constant  a 
might  be  found  from  (178)  by  employing  the  value  of  k  deter- 
mined by  Biot  by  direct  experiment  upon  the  refractive  power 
of  atmospheric  air,  but  in  order  that  the  formula  may  represent 
as  nearly  AS  possible  the  observed  refractions,  Bessel  preferred 
to  determine  both  a  and  j9  from  observations.t 

Now,  a  depends  upon  the  density  of  the  air  at  the  place  of 
observation,  and  is,  therefore,  a  function  of  the  pressure  and 
temperature ;  and  j9,  which  involves  ?,  also  depends  upon  the  ther- 
mometer, since  by  the  definition  of  I  it  must  vary  with  the  tem- 
perature. The  constants  must,  then,  be  determined  for  some 
assumed  normal  state  of  the  air,  and  we  must  have  the  means 
of  deducing  their  values  for  any  other  given  state.    Let 

p^  =  the  assumed  normal  pressure, 

T^  =        "  "  temperature, 

p  =  the  observed  pressure, 

T  =    "         *'         temperature, 

d^  =  the  normal  density  corresponding  to  p^  and  To, 

d  =  the  density  corresponding  to^  and  t; 
■  f  ■         ■ 

*  Fundamenta  AMtronomim,  p.  40. 

f  It  should  be  observed  that  the  assumed  expression  of  the  density  (177)  may 
represent  rarious  hypotheses,  according  to  the  form  giyen  to  p.    Thus,  if  we  put 

a 
^  =  ',  we  have  the  form  (172)  which  expresses  the  hypothesis  of  a  uniform  tem- 
perature. We  may  therefore  readily  examine  how  far  that  hypothesis  is  in  error  in 
the  horizontal  refraction:  for  by  taking  the  reciprocal  of  (167)  we  have  in  this  case 
0  =  796.58,  and  hence  with  a  =  0.000294211  we  find,  by  taking  fifteen  terms  of  the 
series  (198),  r^  =  89*  64".6,  which  corresponds  to  Barom.  0«.  76,  and  Therm.  0°  C. 
This  is  2^  28".5  greater  than  the  value  given  by  Aboelander's  Observations  (p.  141). 
Our  first  hypothesis  gave  a  result  too  small  by  more  than  7',  and  hence  a  true  hypo- 
thesis must  be  intermediate  between  these,  as  we  have  already  shown  from  a  con- 
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then  we  have  by  (171) 

s  = ^0         .L 

in  which  £  is  the  coefficient  of  expansion  of  atmospheric  air,  or 
the  expansion  for  1°  of  the  thermometer.  If  the  thermometer  is 
Centigrade^  we  have,  according  to  Bessel,"^ 

t  =  0.0036488 

From  (178)  it  follows  that  a  is  sensibly  proportional  to  the 
density,  and  hence  if  we  put 

a^  =  the  value  of  a  for  the  normal  density  d^ 
we  have,  for  any  given  state  of  the  air, 


^0  t 

l  +  e(T-r„)  >o 


(205) 


in  which  for  p  and  p^  we  may  use  the  heights  of  the  barometric 
column,  provided  these  heights  are  reduced  to  the  same  tem- 
perature of  the  mercury  and  of  the  scales. 
Again,  if 

l^  =  the  height  of  a  homogeneous  atmosphere  of  the  temperature 
T^and  any  given  pressure, 

then  the  height  I  for  the  same  pressure,  when  the  temperature 
is  r,  is 

«  =  ?o[l  +  e(r-.T„)]  (206) 

The  normal  state  of  the  air  adopted  by  Bessel  in  the  determi- 
nation of  the  constants,  so  as  to  represent  Bradley's  observa- 
tions, made  at  the  Green^\dch  Observatory  in  the  years  1750- 
1762,  was  a  mean  state  corresponding  to  the  barometer  29.6 
inches,  and  thermometer  60°  Fahrenheit  =  10°  Centigrade;  and 
for  this  state  he  found 

ao  =  0.000278953 

sideration  of  the  law  of  temperatures.  At  the  same  time,  we  see  that  the  hypothesis 
of  a  uniform  temperature  is  nearer  to  the  truth  than  the  first  hypothesis,  and  we  are 
80  far  Justified  in  adhering  to  the  form  J  =r  6^  -  fi*  with  the  modification  of  substi- 
tuting a  corrected  Talue  of  p. 

*  This  value,  determined  by  Bissbl,  from  the  obseryations  of  stars,  diifers  slightly 
from  the  value  ^^  more  recently  determined  by  Rudbibo  and  Rbovault  by  direcl 
experiments  upon  the  refractive  power  of  the  air. 
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or,  dividing  by  sin  1", 


fti 


^0" 


57".538 


and 

h  =  116865.8  toises  =  227775.7  metres. 

For  the  constant  ^  at  the  normal  temperature  50®  F.,  Bessel 

employed 

l^  =  4226.05  toises  ==  8286.73  metres.* 

Since  the  strata  of  the  atmosphere  are  supposed  to  be  parallel  to 
the  earth's  surface,  Bessel  employed  for  a  the  radius  of  curva- 
ture  of  the  meridian  for  the  latitude  of  Greenwich  (the  observa- 
tions of  Bradley  being  taken  in  the  meridian),  and,  in  accordance 
with  the  compression  of  the  earth  assumed  at  the  time  when 
this  investigation  was  made,  he  took 

a  =  6372970  metres. 

Hence  we  have 

/?o=^°.r  =  745.747 

These  values  of  a^  and  ^„  being  substituted  for  a  and  ft  in 
(193),  the  horizontal  refraction  is  found  to  be  only  about  1'  too 
great,  which  is  hardly  greater  than  the  probable  error  of  the 
observed  horizontal  refraction.  At  zenith  distances  less  than 
85°,  however,  Bessel  afterwards  found  that  the  refraction  com- 
puted with  these  values  of  the  constants  required  to  be  multi- 
plied by  the  factor  1.003282  in  order  to  represent  the  Konigsberg 
observations. 

116.  By  the  preceding  formulae,  then,  the  values  of  the  con- 
stants a  and  fi  can  be  found  for  any  state  of  the  air,  as  given  by 
the  barometer  and  thermometer  at  the  place  of  observation,  and 
then  the  true  refraction  might  be  directly  computed  by  (191). 
But,  as  this  computation  would  be  too  troublesome  in  practice, 
the  mean  refraction  is  computed  for  the  assumed  normal  values 
of  a  and  j3,  and  given  in  the  refraction  tables.    From  this  mean 

*  According  to  the  later  determination  of  Reonault  which  we  have  used  on  p.  143, 
we  should  hare  Zo=  8286.1  metres.    The  difference  does  not  affect  the  value  of 
Bbsscl's  tables,  which  are  constructed  to  represent  actual  observations. 
Vol.  L— 11 
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refraction  we  must  deduce  the  true  refraction  in  any  case  by 
applying  proper  corrections  depending  upon  the  observed  state 
of  the  barometer  and  thermometer.  For  facility  of  logarithmic 
computation,  Bessel  adopted  the  form 

in  which  r^  is  the  tabular  refraction  corresponding  to  p^  and  r^, 
and  r  is  the  refraction  corresponding  to  the  observed  p  and  r. 
Let  us  see  what  interpretation  must  be  given  to  the  exponents 
A  and  X.  If  the  pressure  remained  p^y  the  refraction  correspond- 
ing to  the  temperature  r  would  be 

or,  with  sufficient  precision, 

In  like  manner,  if  the  temperature  were  constant,  and  the  pres- 
sure is  increased  by  the  quantity  p  —  p^  the  refraction  would 
become  nearly 

Hence,  when  both  pressure  and  temperature  vary,  we  shall  have, 
very  nearly, 

Now,  putting :?-  in  (207)  under  the  form  1  +  — r-^,  and  develop- 
ing by  the  binomial  theorem,  we  have 

r  =  ro|l+^^(i>-A)+&c.  }  X  {l-Ac(T-.r.)  +  &o.| 

Therefore,  neglecting  the  smaller  terms,  we  must  have 

4  =  ^. J         ;  =  -J-.*:  (209) 

r,   dp  tr,    dr  ^      ^ 
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to  determine  which  we  are  now  to  find  the  derivatives  of  (191) 
relatively  to  p  and  r.    Put 

X  =  -~  (210) 

Bin*  s 

and  ?!  =  '»//  (1),  Jj  =  2*4'(2),  q^  =  S^i^C^),  &c.,  or  in  general 


then,  if  we  also  put 

1          ^ 

"  '  1.2.....n 

the  formula  (191)  becomes 

(l-a)r  = 

=  8in'^^.« 

g',  =  n    •    +(n)  (211) 

«""*?.+ Ac-     (212) 

(218) 

in  which,  since  the  variations  of  j— —  in  (191)  are  sensibly  the 

same  as  those  of  a,  we  may  regard  1  —a  as  constant.  Differen- 
tiating this,  observing  that  Q  varies  with  both  p  and  r,  while  j9 
varies  only  with  r,  we  have 

^         ^  dp  yifi   dp  I 

)    (214) 

dr  Mfi    dr        ^         ^2fi     dx  ] 

In  diflferentiating  Q,  it  will  be  convenient  to  regard  it  as  a  func- 
tion of  the  two  variables  x  and  ^,  tbe  quantities  y,,  q^  &c.  vary- 
ing only  with  j9.    We  have,  since  /9  does  not  vary  with  p, 

and  since  botii  x  and  8  vary  with  r, 


From  (212)  we  find 
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^  =  l^«'  (AT) 

in  which 

q'  =  xe-  ?.  +  j^  e-"  2g.  H-  j-|-^  «-»'  8j.  +  &0.  (218) 

Also, 

dp  dfi^i.2         de  ^ 

in  which  we  have  generally,  by  (211), 

dg  ^d^Cn)    dT 

dfi  dT      dfi 

But  by  (200),  in  which  u^  =  o^n),  we  have 


n    » 


dT  *" 


and  by  (187) 

dT      T 
d?      2S 

whence 

dfi       /9  ""      2^ 

cot* «                cot  * 
s= na — 

2         *"       2|/2/J 

Substituting  the  values  of  this  expression  for  n  =  1,  2,  8,  &c.  in 
(219),  we  have 


The  first  series  in  this  expression  =  §'.    The  second,  whei? 
^—m  ^— 2*^  ic.  are  developed  in  series,  becomes 

x  +  x*  +  a^  +  to.  =  J— ^ 
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and  hence 

We  have,  further,  from  (210)  and  the  values  of  a,  Z,  and  ^  in  the 
preceding  article, 

dx X     da X     a       X 

dp        a     dp        a     p       p 

d?       d?     dl  a  A 

Tx  =  didi^T*"^  =  '''^'hZn, 

da 

Substituting  these  values  in  (215)  and  (216),  and  then  substituting 
in  (214),  we  find* 

'>— >i  =  -«'"-Vj«'{rf7<>-''+CTr-"'} 

These  formulie  are  to  be  computed  with  the  normal  values  of  a, 
^,  r,  f,  and  p,  and  for  the  different  zenith  distances,  after  which 
A  and  i  are  computed  by  (209).  The  values  of  A  and  X  thus 
found  are  given  in  Table  11. 

117.  Finally,  in  tabulating  the  formula  (207),  Bessel  puts 

r^  =  a  tan  z  (222) 

—  =  ft      r  = 


i  +  '(^-0 


(where  a  and  ^  no  longer  have  the  same  signification  as  in  the 
preceding  articles). 

*  BsiBBL,  Fundamenta  Attronomim,  p.  84. 
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The  true  refraction  then  takes  the  form 

r  =  afi^r^  tan  z  (223) 

The  quantity  here  denoted  by  ^  is  the  ratio  of  the  observed  and 
normal  heights  of  the  barometer,  both  being  reduced  to  the  same 
temperature  of  the  mercury  and  of  their  scales.  First,  to  correct 
for  the  temperature  of  the  scale,  let  6^*^,  6^*\  or  i^"*^  denote  the  ob- 
served reading  of  the  barometer  scale  according  as  it  is  graduated 
in  Paris  lines,  English  inches,  or  French  metres.  The  standard 
temperatures  of  the  Paris  line  is  13°  Reaumur,  of  the  English  inch 
62°  Fahrenheit,  and  of  the  French  metre  0°  Centigrade ;  that  is, 
the  graduations  of  the  several  scales  indicate  true  heights  only 
when  the  attached  thermometers  indicate  these  temperatures 
respectively.  The  expansion  of  brass  from  the  freezing  point  to 
the  boiling  point  is  .0018782  of  its  length  at  the  freezing  point 
If  then  the  reading  of  the  attached  thermometer  is  denoted 
either  by  r',/',  or  c',  according  as  it  is  Reaumur's,  Fahrenheit's, 
or  the  Centigrade,  the  true  height  observed  will  be  (putting  s  = 
0.0018782) 

6(0 ?2 ,        6(*) 1?? ,     JW 1??— 


or 


1 +  ±.13  1  + jL.30 

^80  ^180 

fc(D  8Q  +  ^'^  AW  180 +  (r^  32)8      j^^j  100  + c'8 
80  +  135'  '        180  +  305       '  100 


(224) 


where  the  multipliers  1  +  ^^',  &c.  evidently  reduce  the  reading 

to  what  it  would  have  been  if  the  observed  temperature  had  been 

that  of  freezing,  and  the  divisors  1  +  —  •  13,  &c.  further  reduce 

these  to  the  respective  temperatures  of  graduation,  and  conse- 
quently give  the  true  heights. 

This  true  height  of  the  mercury  will  be  proportional  to  the 
pressure  only  when  the  temperature  of  the  mercury  is  constant 
We  must,  therefore,  reduce  the  height  to  what  it  would  be  if  the 
temperature  were  equal  to  the  adopted  normal  temperature,  which 
is  in  our  table  8°  Reaumur  =  60°  F.  =  10°  C.    Now,  mercury 

expands  —  of  its  volume  at  the  freezing  point  of  water,  when 

*  66.5 
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its  temperature  ifl  raised  from  that  point  to  the  boiling  point  of 

water.  Hence,  putting  q  =  -— ,  the  above  heights  will  be  reduced 

to  the  normal  temperature  by  multiplying  them  respectively  by 
the  factors 

80+8g  180  4-  18g  100  +  lOg  ,225^ 

80  +  r'q         180  +  (/'  — 32)j         100  +  c'g  ^      ^ 

The  normal  height  of  the  barometer  adopted  by  Bessel  was  29.6 
inches  of  Bradley's  instrument,  or  333.28  Paris  lines ;  but  it  after« 
wards  appeared  that  this  instrument  gave  the  heights  too  small 
by  ^  a  Paris  line,  so  that  the  normal  height  in  the  tables  is  333.78 
Paris  lines,  at  the  adopted  normal  temperature  of  8°  R.  Reducing 
this  to  the  standard  temperature  of  the  Paris  line  =  13°  R.,  we 
have 

In  comparing  this  with  the  observed  heights,  the  6^*^  and  6<"»>  must, 
be  reduced  to  lines  by  observing  that  one  English  inch  =  11.2595 
Paris  lines,  and  one  metre  =  443.296  Paris  lines.     Making  this 

reduction,  the  value  of  ^  =  ^  is  found  by  dividing  the  product 

of  (224)  and  (225)  by  (226).  The  result  may  then  be  separated 
into  two  factors,  one  of  which  depends  upon  the  observed  height 
of  the  barometric  column,  and  the  other  upon  the  attached  ther- 
mometer ;  so  that  if  we  put 

j_     ftffl      80  +  8g 
833.78  '  80  +  8« 

^'^(,)    11.2595    80  +  13^    180  +  ISq 
*  333.78  '  80  +  8s  '  180  +  305 

(227) 


and 


(^j   443.296  80  +  13^    100  +  lOg 
'  333.78  '  80  4-  8s  *        100 

80  +  r's  ^  180  +  (f  —  32)s  ^  100  +  c's 
*'"  30  +  r'2  ""  180  +  (/'  —  32)  2  "^  100  +  c'q 


we  shall  have  fi  =  BTy  or 

log  fi  =  \ogB  +  log  T  (228) 
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The  quantity  ;•  would  be  computed  directly  under  the  form 

1 
r  = 


XTtq  were  at  once  the  freezing  point  and  the  normal  temperature 
of  the  tables ;  for  e  is  properly  the  expansion  of  the  air  for  each 
degree  of  the  thermometer  above  the  freezing  point,  the  density 
of  the  air  at  this  point  being  taken  as  the  unit  of  density.  But 
if  the  normal  temperature  is  denoted  by  r^,  that  of  the  freezing 
point  by  r^,  the  observed  by  r,  we  shall  have 

l  +  t(r^r,) 

an  expression  which,  if  we  neglect  the  square  of  e,  will  be  reduced 
to  the  above  more  simple  one  by  dividing  the  numerator  and 
denominator  by  1  +  e(rj>  —  r^).  Bessel  adopted  for  t^  the  value 
50°  F.  by  Bradley's  thermometer;  but  as  this  thermometer  was 
found  to  give  1^.25  too  much,  the  normal  value  of  the  tables  is 
r^  =  48°.76  F.  Hence,  if  r,/,  or  c  denote  the  temperature  indi- 
cated by  the  external  thermometer,  according  as  it  is  Rtoumur, 
b'ahr.,  or  Cent.,  we  have* 

180  +  16.75  X  0.36438 
''""    180 +  Jr  X  0.36438 

180  +  16.75  X  0.36438 
""  180  +  (/  —  32)  X  0.86438  }     (^29) 

180  +  16.75  X  0.36438 
""     180  +  |c  X  0.36438 


The  tables  constructed  according  to  these  formulse  give  the 
values  of  log  B,  log  T^  and  log  7*,  with  the  arguments  barometer, 
attached  thermometer,  and  external  thermometer  respectively, 
and  the  computation  of  the  true  refraction  is  rendered  extremely 
simple.     An  example  has  already  been  ^ven  in  Art.  107. 

118.  In  the  preceding  discussion  we  have  omitted  any  con- 
sideration of  the  hygrometric  state  of  the  atmosphere.     The 
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refractive  power  of  aqueous  vapor  is  greater  than  that  of  at- 
mospheric air  of  the  same  density,  but  under  the  same  pressure 
its  density  is  less  than  that  of  air;  and  Laplace  has  shown  that 
"  the  greater  refractive  power  of  vapor  is  in  a  great  degree  com- 
pensated by  its  diminished  density."* 

119.  Befraciion  table  with  the  argument  true  zenith  distance. — ^When 
the  true  zenith  distance  (^  is  given,  we  may  still  find  the  refrac- 
tion from  the  usual  tables,  or  Col.  A  of  Table  IT.,  where  the 
apparent  zenith  distance  z  is  the  argument,  by  successive  ap* 
proximatious.  For,  entering  the  table  with  f  instead  of  z,  we 
shall  obtain  an  approximate  value  of  r,  which,  subtracted  from  f , 
will  give  an  approximate  value  of  z;  with  this  a  more  exact 
value  of  r  can  be  found,  and  a  second  value  of  Zj  and  so  on,  until 
the  computed  values  of  r  and  z  exactly  satisfy  the  equation  z  = 
(^  —  r.  But  it  is  more  convenient  to  obtain  the  refraction  directly 
with  the  argument  f .  For  this  purpose  Col.  B  of  Table  11.  gives 
the  quantities  a\  A'^  A',  which  are  entirely  analogous  to  the  a,  A^ 
and  A,  so  that  the  refraction  is  computed  under  tibe  form 

r  =  J^A'y>i  tan  C  (230) 

where  j9  and  y  have  the  same  values  as  before. 

The  values  of  a',  A'^  and  V  are  deduced  from  those  of  a,  -4, 
and  X  after  the  latter  have  been  tabulated.  They  are  to  be  so 
determined  as  to  satisfy  the  equations 

a/?^7'^  tan  z  =  a'/9^V^'  tan  C  (231) 

2:  =  C  —  a'/9^>^'  tan  C  (232) 

and  this  for  any  values  of  ^  and  y.  Let  {z)  denote  the  value  of  z 
which  corresponds  to  f  when  ^  =  1,  y='\\  that  is,  when  the 
refraction  is  at  its  mean  tabular  value.  The  value  of  (2)  may  be 
found  by  successive  approximations  from  Col.  A,,  as  above  ex- 
plained. Let  (a),  (j4),  (A),  and  (r)  denote  the  corresponding 
values  of  a,  J.,  ^,  r.     We  have 


(r)  =  (a)  tan  {z)  =  J  tan  C 

(2:)  ==  C  —  a'  tan  C 


whence,  by  (232), 


*  Mic.  Cil,  Book  X. 
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^  =  (2:)  —  a'  tan  C  {?^'r^'  —  1) 
But,  taking  Napierian  logarithmB,  we  have 

and  hence,  e  being  the  Napierian  base, 

pA^K'  =  c^''^  +  *''Y  =  1  +  {A'lp  +  Xly)  +  &c. 

where,  as  ^  and  y  differ  but  little  from  unity,  the  higher  powerf 
of  A'lp  +  X'lx  may  be  omitted.    Hence 

z  =  {2)-(r)lA'ip  +  X'lr\ 
Now,  taking  the  logarithm  of  (231),  we  have 

I  (a  tan  z)  -^  Alp^klr=^l  (o'  tan  C)  +  A'l?  +  X'lr 

The  first  member  is  a  function  of  e,  which  we  may  develop  as  a 
function  of  {z) ;  for,  denoting  this  first  member  by/?,  and  putting 

we  have  2  =  (2:)  +  y,  and  hence 

fz  =fi{z)  +  y]  =/(^)  +  ^  y  +  &o., 

where  we  may  also  neglect  the  higher  powers  of  y.  But  since 
f{z)  is  what/?  becomes  when  z  =  (^),  and  consequently  A  =  (-4), 
;i  =  (;i),  we  have 

fiz)  =  I  [(a)  tan  (^)]  +  (A)  Z^  +  (A)  f;^ 

J/(^r)  _  <fZ[(o)  tan  (g)]  _   d[(a)tan(g)] 1_    d(r) 

d(2)  ~"  d{z)  ""  (a)  tan  (2)  d {z)  "~ (r)  '  diz) 

Hence  we  have 

/^  =  /[(a)  tan  (z)-]  +  U)  Z/9  +  (;)  «r  -  ^  [ilWi8  +  ^ /r] 
=  Z[a'tanr]  +  il'//?  +  ^'^r 
or,  since  (a)  tan  (2:)  =  a'  tan  {^, 
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Since  this  is  to  be  satisfied  for  indeterminate  values  of  /9  and  7-, 
the  coefficients  of  l^  and  ly  in  the  two  members  must  be  equal; 
and  therefore 


1+^ 


/=      W 


and  also 


d(r)  )   (238) 


•'=«S^ 


All  the  quantities  in  the  second  members  of  these  formulae  may 
be  found  from  Column  A  of  Table  11.,  and  thus  Column  B  may 
be  formed.* 
If  we  put 

we  shall  now  find  the  refraction  under  the  form 

r  =  k'  tan  C 

120.  To  find  the  refraction  of  a  star  in  right  ascension  and  deelU 
nation. 

The  declination  8  and  hour  angle  t  of  the  star  being  given, 
together  with  the  latitude  ^  of  the  place  of  observation,  we  first 
compute  the  true  zenith  distance  f  and  the  parallactic  angle  q 
by  (20).    The  refraction  will  be  expressed  under  the  form 

r  =  k'  tan  C 
in  which 

The  latitude  and  azimuth  being  here  constant  (since  refrac- 
tion acts  only  in  the  vertical  circle),  we  have  from  (50),  by  put- 

*  See  also  Bisssbl,  Astronomit^e  Unitrntchungen,  Vol.  I.  p.  159. 
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ting  rff>  =  0,  rfil  =  0,  rf^  =  r  =  A'  tan  f,  eft 
right  ascension), 


—  rfa,  (a  =^  star's 


dd  = 
cos  ddpb  = 


--  A:'  tan  C  006  jT 
—  k'  tan  C  wn  j 


} 


(234) 


which  are  readily  computed,  since  the  logarithms  of  tan  f  cos  q 
and  tan  Z  si"  ?  will  already  have  been  found  in  computing  f  by 
(20).  The  value  of  log  k'  will  be  found  from  Table  11.  Column 
B,  with  the  argument  Z. 

The  values  of  dd  and  da  thus  found  are  those  which  are  to  be 
algebraically  added  to  the  apparent  declination  and  right  ascen- 
sion to  free  them  from  the  effect  of  refraction. 

The  mean  value  of  /:'  is  about  57",  which  may  be  employed 
when  a  very  precise  result  is  not  required. 
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121.  The  dip  of  the  horizon  is  the  angle  of  depression  of  the 
visible  sea  horizon  below  the  true  horizon,  arising  from  the  ele* 
vation  of  the  eye  of  the  observer  above  the  level  of  the  sea. 
Let  CZy  Fig.  17,  be  the  vertical  line  of  an  observer  at  Ay 

whose  height  above  the  level  of  the 
^*«-  ^^-  sea  is  AB.    The  plane  of  the  true  ho- 

rizon  of  the  observer  at  -4  is  a  plane 
at  right  angles  to  the  vertical  line 
(Art.  3).  Let  a  vertical  plane  be 
passed  through  CZy  and  let  BTJD  be 
the  intersection  of  this  plane  with  the 
earth's  surface  regarded  as  a  sphere, 
AH  its  intersection  with  the  horizon- 
tal plane.  Draw  A  TH'  in  this  plane, 
tangent  to  the  circular  section  of  the 
earth  at  T.  Disregarding  for  the  pre- 
sent the  effect  of  the  atmosphere,  Twill 
be  the  most  distant  point  of  the  surface  visible  from  A.  If  we 
now  conceive  the  vertical  plane  to  revolve  about  CZ  as  an  axis, 
AH  will  generate  the  plane  of  the  celestial  horizon,  while  AH' 
will  generate  the  surface  of  a  cone  touching  the  earth  in  the 
small  circle  called  the  visible  horizon;  and  the  angle  HAW 
will  be  the  dip  of  the  horizon. 
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122.  To  find  the  dip  of  the  horizon^  neffleciing  the  atmospheric  refrac- 
tion.   Let 

re  =  the  height  of  the  eye  =  AS, 
a  =  the  radius  of  the  earth, 
D  =z  the  dip  of  the  horizon. 

We  have  in  the  triangle  CAT,  ACT=  HAH'—D,  and  hence 

tan  D  =  ----• 
CT 

By  geometry,  we  have 

AT=VAB  X  AD  =  Vx (2a  +  x) 


whence 


tanD=i:^2^±£!=Vv+(-ry 


As  a:  is  always  very  small  compared  with  a,  the  square  of  the 


X   . 


fraction  —  is  altogether  inappreciable:  so  that  we  may  take 
simply 

tan2)  =  -^|^  (285) 


128.  To  find  the  dip  of  the  horizon^  having  regard  to  the  atmospKeric 
refraction. 

The  curved  path  of  a  ray  of  light  from  the  point  T,  Fig.  18, 
to  the  eye  at  A,  is  the  same  as  that 
of  a  ray  from  A  to  T;  and  this  is  ^'^'  ^^• 

a  portion  of  the  whole  path  of  a 
ray  (as  from  a  star  S)  which  passes 
through  the  point  -4,  and  is  tangent 
to  the  earth's  surface  at  T  The 
direction  in  which  the  observer  at  h^ 
A  sees  the  point  T  is  that  of  the 
tangent  to  the  curved  path  at  Ay  or 
AJS^ ;  the  true  dip  is  therefore  the 
angle  HAH',  and  is  less  than  that  found  in  the  preceding  article. 
It  is  also  evident  that  the  most  distant  visible  point  of  the  earth's 
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surface  is  more  remote  from  the  observer  than  it  would  be  if 
the  earth  had  no  atmosphere. 

Now,  recurring  to  the  investigation  of  the  refraction  in  Art 
108,  we  observe  that  the  angle  HAH'  is  the  complement  of 
the  angle  of  incidence  of  the  ray  at  the  point  -4,  there  denoted 
by  i;  and  it  was  there  shown  that  if  y,  [i^  and  i  are  respectively 
the  normal,  the  index  of  refraction,  and  the  angle  of  incidence 
for  a  point  elevated  above  the  earth's  surface,  while  a,  fi^  and  z 
are  the  same  quantities  at  the  surface,  we  have 

jf  /ci  sin  t  =  a  po  sin ;; 

But  in  the  present  case  we  have  z  =  90° ;  and  hence,  putting 

D'  =  the  true  dip  =  90®  —  i 
q    =za  +  X 
we  have 

sm  I  =  cos  jD'  =  -^-^ . =  -^-^1 1  -4 I 

/A     a  +  X        fi  \  a  I 

Developing  and  neglecting  the  square  of  -^  as  before, 

oos2)'  =  ^/l-|^)  (286) 

which  would  suffice  to  determine  D'  when  /^  and  fi  have  been 
obtained  from  the  observed  densities  of  the  air  at  the  observer 
and  at  the  level  of  the  sea.  But,  as  -D'  is  small,  it  is  more  con- 
venient to  determine  it  from  its  sine;  and  we  may  also  intro- 
duce the  density  of  the  air  directly  into  the  formula  by  putting 
(Art.  110), 


fh         /I 


+  4*^0 


Substituting  the  value  of  a  from  (178),  namely, 

^     2kdo 

we  may  give  this  the  form 
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which,  by  neglecting  the  sqaare  of  the  second  term,  gives 

9y 


?=>+-('-D 


OS 

Henoe,  still  n^lecting  the  higher  powers  of  a  and  -,  as  well  as 
their  product,  we  have 

8iniy  =  T/l-co6«iy  =  J{^''-2a(l-y)|     (237) 

which   agrees  with  the   formala   given   by    Laplace,   Mio   (XL 
BookX. 

For  an  altitude  of  a  few  feet,  the  difference  of  pressure  will 
not  sensibly  affect  the  value  of  D\  and  may  be  disregarded, 
especially  since  a  very  precise  determination  of  the  dip  is  not 
possible  .unless  we  know  the  density  of  the  air  at  the  visible  hori- 
zoTij  which  cannot  usually  be  observed.  We  may,  however, 
assume  the  temperature  of  the  water  to  be  that  of  the  lowest 
stratum  of  the  air,  and,  denoting  this  by  r^,  while  r  denotes  the 
temperature  of  the  air  at  the  height  of  the  eye,  we  have  [mak- 
ing jp  =  Po  in  (171)],  approximately. 


=  l_e(r~ro) 


in  which  for  Fahrenheit's  thermometer  e  =  0.002024.     Hence 

I  sin'jD      J 

where  D  is  the  dip,  computed  by  (235),  when  the  refraction  is 
neglected,  the  sine  of  so  small  an  angle  being  put  for  its  tan- 
gent. If  we  substitute  the  values  a  =  0.00027895,  sin  D  ==» 
-D  sia  1",  and  c  =  0.002024,  this  formula  becomes 
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_p,^j        24021  (r~  To) 
D 

in  which  D  is  in  seconds.  If  2)  is  expressed  in  minutes  in  the 
last  term,  it  will  be  sufficiently  accurate  to  take 

2>'  =  i>-400x^  (238) 

This  will  give  D'  =  i)  when  r  =  r^,,  as  it  should  do,  since  in 
that  case  the  atmosphere  is  supposed  to  be  of  uniform  density 
from  the  level  of  the  sea  to  the  height  of  the  observer.  If 
«■  <  ^o»  ^'®  \i^yQ  D'  >  D.  In  extreme  cases,  where  r  is  much 
greater  than  r^,  we  may  have  D'  <  0,  or  negative,  and  the  visible 
horizon  will  appear  above  the  level  of  the  eye,  a  phenomenon 
occasionally  observed.  I  know  of  no  observations  sufficiently 
precise  to  determine  whether  this  simple  formula,  deduced  from 
theoretical  considerations,  accurately  represents  the  observed 
dip  in  every  case. 

124.  If,  however,  we  wish  to  compute  the  value  of  JD'  for  a 
mean  state  of  the  atmosphere  without  reference  to  the  actually 
observed  temperatures,  we  may  proceed  as  follows :  In  the  equa- 
tion above  found, 


cosi>'  =  v5 


we  may  substitute  the  value 

which  is  our  first  hypothesis  as  to  the  law  of  decrease  of  density 
of  the  strata  of  the  atmosphere.  Art.  109.  This  hypothesis  will 
serve  our  present  purpose,  provided  n  is  so  determined  as  to 
represent  the  actually  observed  mean  horizontal  refraction.  We 
have,  then. 


€0s2y=/l+|j  •+» 


X 

and  developing,  neglecting  the  higher  powers  of—, 
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n         X 


COB  D'  =  1  — 


n  +  1  a 


•^■»'=>/irTTV=«--P>/irTi 


or 


^'  =  ^V.-TT 


To  determine  n^  we  have  by  (160),  reducing  r©  to  seconds^ 


n=- 


(rosinro* 


where,  for  Barom.  0*.76,  Thenn.  10°C.,  which  nearly  represent 
the  mean  state  of  the  atmosphere  at  the  surface  of  the  earth,  we 
have  4**0  =  0.00066796,  and  r^  =  84'  30''  (which  is  about  the 
mean  of  the  determinations  of  the  horizontal  refraction  by  dif- 
ferent astronomers);  and  hence  we  find 


n  =  5.639,      J-J^  =  0.9216  =1-0. 

Afn  +  l 


0784 


D'  =  D  —  .0784i>  (239) 

The  coefficient  .0784  agrees  very  nearly  with  Delambre's  value 
.07876,  which  was  derived  from  a  large  number  of  observations 
upon  the  terrestrial  refraction  at  different  seasons  of  the  year. 
To  compute  ly  directly,  we  have 


sin  1"  ^  a 


If  x  is  in  feet,  we  must  take  a  in  feet.  Taking  the  mean  value 
a  =  20888625  feet,  and  reducing  the  constant  coefficient  of  i/x, 
we  have 


D'  =  68".82  i/x  in  feet.  (240) 


Table  XL,  Vol.  11.,  is  computed  by  this  formula 

Voi»L— u 
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125.  To  find  the  distance  6f  the  sea  horizouy  and  the  distance  of  an 
object  of  known  height  just  visible  in  the  horizon. — The  small  portion 
TA^  Fig.  19,  of  the  curved  path  of  a  ray  of 
"«•  !••  light,  may  be  regarded  as  the  arc  of  a  circle ; 

and  then  the  refraction  elevates  A  as  seen 
from  T  as  much  as  it  elevates  T  as  seen 
from  A.  Drawing  the  tangent  TP^  the  ob- 
server at  T  would  see  the  point  A  at  P; 
and  if  the  chord  TA  were  drawn,  the  angle 
PTA  would  be  the  refraction  of  A.  This 
refraction,  being  the  same  as  that  of  T  as 
seen  from  -4,  is,  by  (239),  equal  to  .07841).  In  the  triangle 
TPAy  TAP  is  so  nearly  a  right  angle  (with  the  small  elevations 
of  the  eye  here  considered)  that  if  we  put 

x,  =  AP 

we  may  take  as  a  sufficient  approximation 

x^  =  TAx  tan  PTA  =  a  tanD  X  0784  tanD 

But  we  have  a  tan'D  =  2a:,  and  hence 

x^  =  .1568a; 
Putting 

d  =  the  distance  of  the  sea  horizon, 
we  have 


or,  nearly, 


PT=i/(2CB  +  PB)  X  PB 


d  =  >/2a  (j;  +  x^)  ^  \/2MS6ax 


If  X  is  ^ven  in  feet,  we  shall  find  d  in  statute  miles  by  dividing 
this  value  by  5280.  Taking  a  as  in  the  preceding  article,  we 
find 

T/2.3136a  ^  ^  gj^ 
5280 
and,  therefore. 


d  (in  statute  miles)  =  1.317  i/x  in  feet.  (241) 

If  an  observer  at  J.'  at  the  height  A'B'  =  z'  sees  the  object 
Ay  whose  height  is  x,  in  the  horizon,  he  must  be  in  the  curve  de- 
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scribed  by  the  ray  from  A  which  touches  the  earth's  sufface  at 
T,  The  distance  of  A'  from  Twill  be  ==  1.317  i/x',  and  hence 
the  whole  distance  from  A  to  A'  will  be  =  1.317  (Vx  +  Vx'). 

The  above  is  a  rather  rough  approximation,  but  yet  quite  as 
accurate  as  the  nature  of  the  problem  requires ;  for  the  anoma- 
lous variations  of  the  horizontal  xefraction .  produce  greater 
errors  than  those  resulting  from  the  formula.  By  means  of  this 
formula  the  navigator  approachhig  the  land  may  take  advantage  * 
of  the  first  appearance  of  a  mountain  of  knowii  height,  to  deter- 
mine the  position  of  the  ship.  For  this  purpose  the  formula 
(241)  is  tabulated  with  the  argument  "  height  of  the  object  or 
eye;"  and  the  sum  of  the  two  distances  given  in  the  table,  cor- 
responding to  the  height  of  the  object  and  of  the  eye  respect- 
ively, is  the  required  distance  of  the  object  from  the  observer. 

126.  To  find  the  dip  of  the  sea  at  a  given  distance  from  the  observer. 
—By  the  dip  of  the  sea  is  here  understood  the  apparent  depres* 
Bion  of  any  point  of  the  surface  of  the  water  nearer  than  the 
visible  horizon.  Let  Ty  Pig.  20,  be  such  a 
point,  and  A  the  position  of  the  observer. 
Let  TA'  be  a  ray  of  light  from  T,  tangent 
to  the  earth's  surface  at  7^,  meeting  the  ver- 
tical  line  of  the  observer  in  A\    Put 

2>"=  the  dip  of  T  as  seen  from  A, 

d    =  the  distance  of  T  in  statute  miles, 

X   =  the  height  of  the  observer's  eye  in  feet  =:  AB^ 

x'  =  A'B. 

We  have,  by  (241), 

aad  the  dip  of  7",  as  seen  from  A\  is,  therefore^  by  (240), 
=  58".82i/F  =  44".66(f. 

Kow,  supposing  the  chords  7!4,  TA'  to  be  drawn,  the  dip  of  T 
at  A  exceeds  that  at  A'  by  the  angle  -47!A',  very  nearly;  and 
we  have  nearly 

angle  iirji' =  :^  X -i- = -^-^=^ 
^  TA'  ^  sin  1"       5280  d  sin  1" 
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whence 


5280  d  sin  1" 
Substituting  the  value  of  x'  in  terms  of  rf, 

jy'  =  22'M4  d  +  89".07  -  (x  being  in  feet  and  d  in  statute 

miles).  (242) 

K  (f  is  given  in  sea  miles,  we  find,  by  exchanging  d  for  -^rf, 

D"  i=  25".65  d  +  83".73  ~(x  being  in  feet  and  d  in  sea 

d 
miles).  (243) 

The  value  of  D"  is  given  in  nautical  works  in  a  small  table 
with  the  arguments  x  and  d.  The  formula  (248)  is  very  nearly 
the  same  as  that  adopted  by  Bowditch  in  the  Practical  Navigator* 

127.  At  sea  the  altitude  of  a  star  is  obtained  by  measuring  its 
angular  distance  above  the  visible  horizon,  which  generally 
appears  as  a  well-defined  line.  The  observed  altitude  then 
exceeds  the  apparent  altitude  by  the  dip,  remembering  that  by 
apparent  altitude  we  mean  the  altitude  referred  to  the  true 
horizon,  or  the  complement  of  the  apparent  zenith  distance. 
Thus,  h'  being  the  observed  altitude,  h  the  apparent  altitude, 

or,  when  the  star  has  been  referred  to  a  point  nearer  than  the 
visible  horizon, 

A  =  A'  —  JD" 

SEMIDIAMETERS  OF  CELESTIAL  BODIES 

128.  In  order  to  obtain  by  observation  the  position  of  the 
centre  of  a  celestial  body  which  has  a  well-defined  disc,  we 
observe  the  position  of  some  point  of  the  limb  and  deduce  that 
of  the  centre  by  a  suitable  application  of  the  angular  semi* 
diameter  of  the  body. 

I  shall  here  consider  only  the  case  of  a  spherical  body.  The 
apparent  outline  of  a  planet,  whether  spherical  or  spheroidal, 
and  whether  fully  or  partially  illuminated  by  the  sun,  will  be 


8EMIDIAMETER8. 


181 


Fig.2L 


discussed  in  connection  with   the   theory  of  occultations  in 
Chapter  X 

The  angalar  semidiameter  of  a  spherical  body  is  the  angle 
subtended  at  the  place  of  observation  by  the  radius  of  the  disc. 
I  shall  here  call  it  simply  the  semidiameter,  and  distinguish  the 
linear  semidiameter  as  the  radius. 

Let  O,  Fig.  21,  be  the  centre  of 
the  earth,  A  the  position  of  an  ob- 
server on  its  surface,  M  the  centre 
of  the  observed  body;  OB,  AB', 
tangents  to  ita  surface,  drawn  from 
0  and  A.  The  triangle  OBM  re- 
volved about  OM  as  an  axis  will  de- 
scribe a  cone  touching  the  spherical 
body  in  the  small  circle  described 
by  the  point  jB,  and  this  circle  is  the 
disc  whose  angular  semidiameter  at 
0  IB  MOB.    Put 

8  =  the  geocentric  semidiametor,  MOBy 
8'  =  the  apparent  semidiameter,  MAB\ 
^,  J'  =  the  distances  of  the  centre  of  the  body  from  the  centre  of 
the  earth  and  the  place  of  observation  respectively! 
a  =  the  equatorial  radius  of  the  earth, 
a'  =  the  radius  of  the  body, 

then  the  right  triangles  03fBj  AMB'  give 


(244) 


But  if 

sin  5=^ 
J 

Bin  5'=*' 
J' 

n  = 

:  the  equatorial  horizontal  parallax  of  the  body, 

we  have,  Art.  89, 

sin  n : 

~7 

and  hence 

sin  /S  =  —  sin  jt 
a 

sin  5'  =  —  sin^ 
A' 

or,  with  sufficient  precision  in  most  cases. 

a 

8'=— 8 

(245) 


(246) 
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The  geocentrio  sexnidiameter  and  the  horizontal  parallax  have 

a' 
therefore  a  constant  ratio  =  — .     For  the  moon,  we  have 

a 

-  =  0.272966  (247) 

a 

as  derived  from  the  Greenwich  observations  and  adopted  by 
Hansen  {Tables  de  la  Lune^  p,  39). 

If  the  body  is  in  the  horizon  of  the  observer,  its  distance  from 
him  is  nearly  the  same  as  from  the  centre  of  the  earth,  and  hence 
the  geocentric  is  frequently  called  the  horizontal  semidiameter ; 
but  this  designation  is  not  exact,  as  the  latter  is  somewhat  greater 
than  the  former.  In  the  case  of  the  moon  the  difference  is 
between  O'M  and  0".2.     See  Table  XII. 

If  the  body  is  in  the  zenith,  its  distance  from  the  observer  Is 
less  than  its  geocentric  distance  by  a  radius  of  the  earth,  and  the 
apparent  semidiameter  has  then  its  greatest  value. 

The  apparent  semidiameter  at  a  given  place  on  the  earth's 
surface  is  computed  by  the  second  equation  of  (245)  or  (246),  in 

which  the  value  of  -;  is  that  found  by  (104) ;  so  that,  putting  z  = 

the  true  (geocentric)  zenith  distance  of  the  body,  ^'  =  the  appa- 
rent zenith  distance  (afffected  by  parallax),  J.  =  its  azimuth, 
f  —  f>'  the  reduction  of  the  latitude,  we  have,  (by  (111)  and  (104), 


^  =  (^  —  ^')  cos  A 
sin5'  =  6in.S«ia(£jZiO  )■     (248) 

8in(C  —r) 


} 


129.  This  last  formula  is  rigorous,  but  an  approximate  formula 
for  computing  the  difference  S'— /Swill  sometimes  be  convenient 
In  (108)  we  may  put 

COs(y~y^)         ^^ 


COS^'COS^  (C'  —  0 


without  sensible  error  in  computing  the  veiy  small  difference  in 
question ;  we  thus  obtain 

J' 

—  =  I  —  />  sin  TT  cos  [|  (C'  +  C)  —  r] 

J 
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Putting 

»i  =  /)Bin  w  COB  [J  (C'  +  0  — r]  (249) 

we  have 

--  = =  1  +  m  +  m«  +  4o. 

if       1  — m 

and  hence,  since  the  third  power  of  m  is  evidently  insensible, 

S''^S=Sm  +  Sm^  (250) 

which  is  practically  as  exact  as  (248).     The  value  of  {;'  required 
in  (249)  will  be  found  with  sufficient  accuracy  by  (114),  or 

C  — C  =  />irBin(C'  — r) 

The  quantity  S'  —  S  is  usually  called  the  augmentation  of  the 
semidiameter.    It  is  appreciable  only  in  the  case  of  the  moon. 

180.  If  we  neglect  the  compression  of  the  earth,  which  will 
not  involve  an  error  of  more  than  0".05  even  for  the  moon,*  we 
may  develop  (260)  as  follows.  Putting  p  =  l  and  ;-  =  0  in  (249), 
we  may  take 

m  =  sin  JT  cos  J  (C  +  C) 

==  sin  7c  cos  [C'  —  i  (C  —  C)] 

=  sin  ff  cos  C'  +  J  sin  w  sin  (C'  —  C)  sin  C 

=  sin  »  cos  C'  +  J  si**'  ^  sin*  C' 

which  substituted  in  (250)  gives,  by  neglecting  powers  of  sin  x 
above  the  second, 

S'~S  =  8Bm7c  cos  C'  +  JSsin'jT  Bin«C'+  /Ssin«ir  cos'C' 
=  /S sin  ir  cos  C'  +  iS  sin'sr  +  i  S  sin**  cos*  C' 


But  we  have 


a'  a'     Bin « 

-«=  — 


«  a     Bin  1" 


*  Tbe  greatest  deolination  of  the  moon  being  less  than  80^,  it  can  reach  great 
altitudes  only  in  low  latitudes,  where  the  compression  is  less  sensible.  A  rigorous 
investigation  of  the  error  produced  by  neglecting  the  compression  shows  that  the 
maximum  error  is  less  than  0".06. 
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and  if  we  put 

A  =^  —7-  Bin  I'',  log  A  =  5. 

we  have  sin  n  =  h8j  which  flubstituted  above  gives  the  follow- 
ing formula  for  computing  the  augmentation  of  the  moon's 
semidiameter: 

5'  —  5  =  AS'coB  C'+  J  A«iS«+  i  A«/8f»coB«C'  ^         (251) 

Example.— Find  the  augmentation  for  C  =  40^,  S  =  16'  0" 
=  960". 

log  S«  5.9645  log  8^  8.947  Ist  term  =  12".54 

log  A  5.2495  log  J  A"         0.198  2d       «    =    0.14 

log  cos  C'       9.8843  log  2d  term  9.145  8d      "    =    0.  08 

log  Ist  term  1.0988  log  cos'C'    9.769  S'  —  8  =12  .76 

log  8d  term  8.914 

The  value  of  8' —8  may  be  taken  directly  from  Table  ML  with 
the  argument  apparent  altitude  =  90®  —  C'. 

181.  If  the  geocentric  hour  angle  (t)  and  declination  (d)  are 
given,  we  have,  by  substituting  (137)  in  (245), 

BinS'=BinS^^^^  (252) 

sm  (^  —  r)  ^      ' 

for  which  y  and  i'  are  to  be  determined  by  (184)  and  (186),  or 
with  sufficient  accuracy  for  the  present  purpose  by  the  formulas 

tan  «/ 
tan  r  =  - 


cos  t 

w J.  p  g  sin  <p'  sin  (d  —  y) 

sin  y 

182.  To  find  the  contraction  of  the  vertical  semidiameter  of  the  svn 
or  moan  produced  by  atmospheric  refraction. 

Since  the  refraction  increases  with  the  zenith  distance,  the 
refraction  for  the  centre  of  the  sun  or  the  moon  will  be  greater 
than  that  for  the  upper  limb,  and  that  for  the  lower  limb  will  be 
greater  than  that  for  the  centre.    The  apparent  distance  of  the 


SBMIBIAHETEBS.  185 

limbs  is  therefore  diminished,  and  the  whole  disc,  instead  of 
being  circular,  presents  an  oval  figure,  the  vertical  diameter  of 
which  is  the  least,  and  the  horizontal  diameter  the  greatest. 
The  refraction  increasing  more  and  more  rapidly  as  the  zenith 
distance  increases,  the  lower  half  of  the  disc  is  somewhat  moro 
contracted  than  the  upper  half. 

The  contraction  of  the  vertical  semidiameter  may  be  found 
directly  from  the  refraction  table,  by  taking  the  difterence  of 
the  refractions  for  the  centre  and  the  limb. 

Example. — The  true  semidiameter  of  the  moon  being  16'  0", 
and  the  apparent  zenith  distance  of  the  centre  84°,  find  the  con- 
traction of  the  upper  and  lower  semidiameters  in  a  mean  state 
of  the  atmosphere  (Baroni.  30  inches.  Therm.  50°  P.).  We  find 
from  Table  I. 

For  apparent  zen.dist.  of  centre,      84°    V  Eefr.  =  8'28".0 

"   approx.         "         upper  limb,  83    44  "      =8    9  .4 

"        «  "        lower     "     84   16  «     =8  48  .1 

Hence, 

Approx.  contraction  upper  semid.  =  8'  28".0  —  8'    9".4  =  18".6 
«  «  lower     "      =  8  48  .1  —  8  28  .0  =  20  .1 

These  results  are  but  approximate,  since  we  have  supposed  the 
apparent  zenith  distance  of  the  limb  to  difter  from  that  of  the 
centre  by  the  true  semidiameter,  whereas  they  difter  only  by  the 
apparent  or  contracted  semidiameter.  Hence  we  must  repeat  as 
follows: 

^pp.  zen.  dist.  upper  limb  =  83°  44'  18".6  Eefr.  =  8'   9".7 

«  "         lower     «    =  84   16  39  .9  "     =  8  47  .7 

Contraction  of  upper  semid.  =  8'  28".0  —  8'    9".7  =  18".3 
«  lower      «     =  8  47  .7  —  8  28  .0  =  19  .7 

Observations  at  great  zenith  distances,  where  this  contraction 
is  most  sensible,  do  not  usually  admit  of  great  precision,  on 
account  of  the  imperfect  definition  of  the  limbs  and  the  uncer- 
tainty of  the  refraction  itself.  It  is,  therefore,  sufficiently  exact 
to  assume  the  contraction  of  either  the  upper  or  lower  semi- 
diameter to  be  equal  to  the  mean  of  the  two.  In  the  above 
example,  which  ofiers  an  extreme  case,  if  we  take  the  mean 
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19"  0  as  the  contraction  for  either  semidiameter,  the  error  will 
be  only  0".7,  which  is  quite  within  the  limit  of  error  of  observa- 
tions at  such  zenith  distances. 

133.  To  find  the  contraction  of  any  inclmed  semidiameter^  produced 

by  refraction. 
Let  M,  Fig.  22,  be  the  apparent  place  of  the  sun's  or  the 
moon's  centre;  ACBD,  a  circle  described 
vnXh.  a  radius  MA  equal  to  the  true  semi- 
diameter,  will  represent  the  disc  as  it  would 
appear  if  the  refraction  were  the  same  at 
all  points  of  the  limb.  The  point  -4,  how- 
ever, being  less  refracted  than  -Sf,  will  ap- 
pear at  Jl',  P  at  P'y  &c. ;  while  jB,  being 
more  refracted  than  M^  appears  at  B'.  The^ 
contraction  is  sensible  only  at  great  zenith 
distances,  where  we  may  assume  that  AM 

and  PP'Ey  small  portions  of  vertical  circles  drawn  through  A 

and  P.  ara  sensibly  parallel.     If  then  we  put 

S  =  the  true  vortical  somidiameter  =  AM^ 
S^=  the  contracted  vert,  semid.         =  A'M^ 
S,  =  the  contracted  inclined  semid.   =  MP',  which  makes  an 
angle  q  with  the  vertical  circle, 
A>S^j=:  the  contraction  of  the  vertical  semid.  =  S  —  S^ 
A 6',=  the  contraction  of  the  inclined  semid.  =  S —  S^ 

we  shall  have 

S^  cos  q  =  P'E  =  the  difference  of  the  apparent  zenith  distances 
ofJfandP', 
8^  =  the  difference  of  the  app.  zen.  dist.  of  M  and  A'. 

Now,  the  difference  of  the  refractions  at  M  and  A'  is  AA\  and 
the  difference  of  the  refractions  at  J!f  and  P'  is  PP' ;  and,  since 
these  small  differences  are  nearly  proportional  to  the  differences 
of  zenith  distance,  we  have 

8^:8^Q0^q  =  AA':PP' 
PP-=:Ag/'"^g 
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The  small  triangle  PFP'  may  be  regarded  as  rectilinear  and 
right-angled  at  F;  whence 

FP'=:PP'X  COS  J 

or 

If  we  put  Si  for  Sq  in  the  second  member,  the  resulting  value  of 
JiS,  will  never  be  in  error  0".2  for  zenith  distances  less  than  86®, 
and  it  suffices  to  take 

J/S;==  JiSiCos'j  (253) 

This  -formula  is  sufficiently  exact  for  all  purposes  to  which  wo 
shall  have  occasion  to  apply  it. 

134.  To  find  the  contraction  of  the  horizontal  semidiameter. — The 
formula  (253)  for  q  =  90°  makes  the  contraction  of  the  hori- 
zontal semidiameter  =  0.  This  results  from  our  having  assumed 
that  the  portions  of  vertical  circles  drawn  through  the  several 
points  of  the  limb  are  parallel,  and  this  assumption  de- 
parts most  from  the  truth  in  the  case  of  the  two  ver-  ^^^'  ^J' 
tical  circles  drawn  through  the  extremities  of  the 
horizontal  diameter.  To  investigate  the  error  in  this 
case,  let  ZM^  Pig.  23,  be  the  vertical  circle  drawn 
through  the  centre  of  the  body,  ZM'  that  drawn 
through  the  extremity  of  the  horizontal  semidiameter 
MM\  In  consequence  of  the  refraction,  the  points  M 
and  Jf'  appear  at  iVand  iV'.  If  we  denote  the  zenith 
distances  of  M  and  Nhy  (^  and  z,  those  of  M'  and  N^ 
by  If  and  «',  the  refraction  MN  may  be  expressed  as  a  fdnc- 
ti>n  cither  of  2  or  of  f.  Art.  107,  and  we  shall  have 

r  =  A:  tan  ^  =  A:'  tan  C 

where  k  and  ft'  are  given  by  the  refraction  table  with  the  argu- 
ments z  and  C-  The  zenith  distance  of  the  point  M'  differs  so 
little  from  that  of  M  that  the  values  of  k  and  k'  will  be  sensibly 
the  same  for  both  points,  and  we  shall  have  for  the  refraction 

r' =  A- tan  2' =  A' tan  C 
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These  two  equations  give 

tan  z tan  C 

tanV  ~  tan  C' 

But  if  the  triangle  ZNN'  is  right-angled  at  Nj  we  have 

tan  z 


and  hence,  also. 


C0B^  = 

tan  r 

r,      tan  C 
cos  Z  = \ 

tanC' 


Therefore  the  triangle  ZMM'  is  also  rightrongledy  and  it  gives 

^      -  tan  fif  tan  8' 

tan  ^= =  — ; — 

Bin(2-|-r)        Binz 

\n  which  S  =  MM' md  S'=NN'.    Hence 
tan  8       sin(z  +  r)  ,     . 

or,  very  nearly, 

|.,  =l  +  rsinrcot^  =  l+ftsinr 

Hence  the  contraction  of  the  horizontal  senudiameter  la  ex* 
pressed  by  the  following  formula : 

8^S'=8'kBmV' 

in  the  zenith,  the  mean  value  of  log  k  is  1.76156;  at  the  zenith 
distance  86°,it  is  1.71020.  For  S'  =  16',  therefore,  the  contrac- 
tion found  by  this  formula  is  0".27  in  the  zenith,  and  0".24  for 
85®.  Thus,  for  all  zenith  distances  less  than  85°  the  contraction  of 
the  horizontal  semidiameier  is  very  nearly  constant  and  equal  to  one^ 
fourth  of  a  second. 

When  the  body  is  in  the  horizon,  we  have  k  =  r  cot  z  =  0, 
and  hence  S  —  S'  =  0^  which  follows  also  from  the  sensible 
parallelism  of  the  vertical  circles  at  the  horizon. 
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REDUCTION    OP    OBSERVED    ZENITH    DISTANCES    TO    THE    CENTRE    OF 

THE   EARTH. 

135,  It  is  important  to  observe  a  proper  order  in  the  applica- 
tion of  the  several  corrections  which  have  been  treated  of  in  this 
chapter. 

The  zenith  distance  of  any  point  of  the  heavens  observed  with 
any  instrument  is  generally  affected  with  the  index  error  and 
other  instrumental  errors.  These  errors  will  be  treated  of  in 
the  second  volume ;  here  we  assume  that  they  have  been  duly 
allowed  for,  and  we  shall  call  "observed"  zenith  distance  that 
which  would  be  obtained  with  a  perfect  instrument,  and  shall 
denote  it  by  z. 

In  all  cases  the  first  step  in  the  reduction  is  to  find  the  refrao. 
tion  r  (=a^^7'^tan  z)  with  the  argument  z^  and  then  ^  +  r  is  the 
zenith  distance  freed  from  refraction. 

1st  In  the  case  of  2ufxed  siar^ 

C  =  z  +  r 

is  at  once  the  required  geocentric  zen.  dist. 

2d.  In  the  case  of  the  moon,  the  zenith  distance  observed  Is 
that  of  the  upper  or  lower  limb.  If  S  is  the  geocentric  and  S' 
the  augmented  semidiameter  found  by  Art.  128, 129,  or  180, 

C  =  z  +  r±S' 

is  the  apparent  zenith  distance  of  the  moon's  centre  freed  from 
refraction,  and  aftected  only  by  parallax,  and,  consequently,  it  is 
that  which  has  been  denoted  by  the  same  symbol  in  the  discus- 
sion of  the  parallax.  With  this,  therefore,  we  compute  the 
parallax  in  zenith  distance,  ^'  —  (^^  by  Art  95,  and  then 

C  =  C'— (C  — C) 

is  the  required  geocentric  zenith  distance  of  the  moon's  centre. 

To  compute  S'  by  (248),  (260),  or  (261),  we  must  first  know  C'; 
but  it  will  suflice  to  employ  in  these  formulee  the  approximate 
vahie  Z^  =  z  +  r  ±  S. 

We  can,  however,  avoid  the  computation  of /S',  when  extreme 
precision  is  not  required,  by  computing  the  parallax  for  the 
zenith  distance  of  the  limb.     Thus,  putting  C'  =  ^  +  ^>  ^-^d 
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computing  C'  ""  C  ^7  ^^-  ^^^  *^®  quantity  C  =  C  "~  (C  """  C)  ^^ 
the  geocentric  zenith  distance  of  the  limb;  and  therefore,  ap- 
plying the  geocentric  semidiameter,  (^  ±:  S  is  the  required  geo- 
centric zenith  distance  of  the  moon's  centre.  This  process 
involves  the  error  of  assuming  the  horizontal  parallax  for  the 
limb  to  be  the  same  as  that  for  the  moon's  centre.  It  can  easily 
be  shown,  however,  that  the  error  in  the  result  will  never  amount 
to  0".2,  which  in  most  cases  in  practice  is  unimportant.  The 
exact  amount  will  be  investigated  in  the  next  article, 

8d.  In  the  case  of  the  sun  or  a  planet^  when  the  limb  has  been 
observed,  the  process  of  reduction  is,  theoretically,  the  same  as 
for  the  moon ;  but  the  parallax  is  so  small  that  the  augmentation 
of  the  semidiameter  is  insensible.    We  therefore  take 

i:'  =  z  +  r±8 

and  then,  computing  the  parallax  by  Art  96,  or  even  by  Art.  90, 
Z  =  C'  —  (C  —  C)  is  the  true  geocentric  zenith  distance. 

If  a  point  has  been  referred  to  the  sea  horizon  and  the 
measured  altitude  is  -H,  then,  D  being  the  dip  of  the  horizon, 
A'  =  ^—  jD  is  properly  the  observed  altitude,  and  ^  =  90®  —  A' 
the  observed  zenith  distance,  with  which  we  proceed  as  above. 

136.  The  process  above  given  for  reducing  the  observed  zenith 
distance  of  the  moon's  limb  to  the  geocentric  zenith  distance  of 
the  moon's  centre,  is  that  which  is  usually  employed ;  but  the 
whole  reduction,  exclusive  of  refraction,  may  be  directly  and 
rigorously  computed  as  follows.    Putting 

C'  =r=  ^  4-  r  =  the  apparent  zenith  distance  of  the  moon's  limb 

corrected  for  refraction, 
C  =  the  geocentric  zenith  distance  of  the  moon's  centre, 

then,  iS'  being  the  augmented  semidiameter,  we  must  substitute 
^'  di  5'  for  C'  iii  the  formulse  for  parallax,  and,  by  (101),  we 
have 

/  sin  (C'  dt  S')  r=  sin  C  —  A>  sin  «  cos  (^  —  /)  tan  y 
f  cos  (C'  ±:  /S')  =  cos  C  —  p  sin  «  cos  (^  —  y ') 

Multiplying  the  first  of  these  by  cos  {;',  the  second  by  sin  f ',  and  ^ 
subtracting,  we  have 
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±  /  Sin  jg'  =  —  Bin  (C   —  C)  + ^^ ^^  Bin  (C'  —  f) 

in  which /=  -.    By  (245)  we  have  also 

/  sin  S'  =  sin  S 
and  hence  the  rigorous  formula 

Bin  (C'  —  C)  =  A*  Bin  TT  sin  (C  ~  r)  ^^t^lZl^  z^  An  8 

COB  Y 

for  which,  however,  we  may  employ  with  equal  accuracy  in 
practice 

sin  (C'  —  0  =  />  sin  TT  Bin  (C'  —  r)  =h  sin  S  (254) 

in  which,  A  being  the  moon's  azimuth,  we  have 

Y=^  (fp  —  /)  cos  A 

If  we  put  (Art.  128) 

A:  =  -  =  0.272956 
a 

we  have  sin  5= Jl  sin  ;r,  and  (254)  may  be  written  as  follows: 

sin  (C'  —  0  =  0  sin  (C  —  /-)  t  /:]  sin  iz  (255) 

For  convenience  in  computation,  however,  it  will  be  better  to 
make  the  following  transformation.    Put 

Bin  j?  =  /»  sin  w  Bin  (C'  —  f)  (256) 

then  (264)  becomes 

dn  (C  —  C)  =  Bin  jp  q=  sin  8 

=  sin  (|>  ip  ^  -(-  sin  p  (1  —  cos  8)  q:  sin  8  (1  —  cos  jp) 
==  Bin  (^  qr  >S)  -|-  2  Bin  p  sin'  \  8  ^  2  An  8  sin'  i  p 

where  the  last  two  terms  never  amount  to  0'^2,  and  therefore  the 
formula  may  be  considered  exact  under  the  form 

Bin  (C'  —  0  =  sin  {p  z^  8)  ^  \  {p -z^  8)  sin  1"  sin  p  sin  8 

Since  f '  —  Z  ^^^  P^  S differ  by  so  small  a  quantity,  there  will 
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be  no  appreciable  error  in  regarding  them  as  proportional  tc 
their  sines ;  and  hence  we  have 

C  —  C  =;>  T  iS  =P  J  (J>  =P  S)  8in;>  sin  fif  (257) 

the  upper  signs  being  used  for  the  upper  limb  and  the  lower 
signs  for  the  lower  limb. 

In  this  formula,  p  is  the  parallax  computed  for  the  zenith 
distance  of  the  limb,  and  the  small  term  J(p  qr  <S)sin  y  sin  8  may 
be  regarded  as  the  correction  for  the  error  of  assuming  the 
parallax  of  the  limb  to  be  the  same  as  that  of  the  centre. 

Example.— In  latitude  tp  =  88°  59'  K,  given  the  observed  zenith 
distance  of  the  moon's  lower  limb,  z  =  47°  29'  58",  the  azimuth 
A  =  88°  0',  Barom.  80.25  inches.  At.  Therm.  65°  P.,  Ext.  Therm, 
64°  F.,  Eq.  hor.  par.  ir  =  59'  10".20 ;  find  the  geocentric  zenith 
distance  of  the  moon's  centre : 


(Table  III.)          (^  - 
log(^-^')  = 

log  COB  A 

-^') 

=  11'  15" 
2.8298 
9.9286 

f  ==47<>29'58''.00 

(Table  H.)  r  =         12  .27 

C  =  47  81    0  .27 

logy 

2.7529 

9.999428 

8.235806 

y  =         9  26  . 

(Table  III.)  log  p 
log  sin  IT 

C  — y  =47  2184. 

log8in(C'-y) 

9.866652 

log  sin  p 

8.101886 

p=      48'  28''.09 

log  sin  IT 

56) 

8.285806 
9.486098 

S=      16    9.00 

(Art.  128)  log  (0.2729 

p  +  S=      59  87.09 

log  sin  8 

7.671899 

}(/,  +  5f)Bin 

painS=z             0.11 

log  sin  j9  sin  S 

5.7789 

C  —  C  =       69  87  .20 

log  (p  +  S) 
log  J 

8.5535 
9.6990 

C=46O81'28''.07 

log  iir  +  S)  ninp  sin  S  9.0264 

It  is  hardly  necessary  to  observe  that  if  the  geocentric  zenith 
distance  of  the  centre  of  the  moon  or  other  body  is  given,  the 
apparent  zenith  distance  of  the  limb  affected  by  parallax  and 
refraction  will  be  deduced  by  reversing  the  order  of  the  steps 
above  explained. 

If  altitudes  are  given,  we  may  employ  altitudes  throughout 
the  computation,  putting  everywhere  90°  —  A,  &c.  for  2,  &c.,  and 
making  the  necessary  obvious  modifications  in  the  formulae. 
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CHAPTER   V. 

FINDING  THE  TIME  BT  ASTRONOMICAL  OBSERVATIONS. 

187.  We  have  seen,  Art  55,  that  the  local  time  at  any  place 
is  readily  found  when  the  hour  angle  of  any  known  heavenly 
body  is  given.  This  hour  angle  is  obtained  by  observation,  but, 
a  direct  measure  of  it  being  in  general  impracticable,  we  must 
have  recourse  to  observations  from  which  it  can  be  deduced. 

The  observer  is  supposed  to  be  provided  with  a  clock,  chro- 
nometer, or  watch,  which  is  required  to  show  the  time,  mean  op 
sidereal,  either  at  his  own  or  at  some  assumed  meridian,  such  as 
that  of  Greenwich. 

The  clock  correction*  is  the  quantity  which  must  be  added  alge- 
braically to  the  time  shown  by  the  clock  to  obtain  the  correct 
time  at  the  meridian  for  which  the  clock  is  regulated.  If  we  put 

T  =  the  clock  time, 
T'  =  the  true  time, 
A  r  =  the  clock  correction, 
we  have 

T'=T  +  ^T 
or  ^T  =  T-^T  (258) 

and  the  clock  correction  will  be  positive  or  negative^  according  as 
(he  clock  is  slow  or  fast  It  is  generally  the  immediate  object  of 
an  observation  for  time  to  determine  this  correction.  At  the 
instant  of  the  observation,  the  time  T  is  noted  by  the  clock, 
and  if  this  time  agrees  with  the  time  T'  computed  from  the 
observation,  the  clock  is  correct ;  otherwise  the  clock  is  in  error, 
and  its  correction  is  found  by  the  equation  £iT=  T'  —  21 

The  clock  rate  is  the  daily  or  hourly  increase  of  the  clock  cor- 
rection.    Thus,  if 

*  For  breTitjy  I  ahall  use  clock  to  denote  any  time-keeper. 
Vol.  L— is 
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AjP^  =  the  clock  correction  at  a  time  T^ 

ST  =  the  clock  rate  in  a  unit  of  time, 


we  have 


aT  =  A  7;  +  ar  (T  —  7;)  (259) 


where  T  —  Tq  must  be  expressed  in  days,  hours,  &c.,  according 
as  d  7^  is  the  rate  in  one  day,  one  hour,  &c. 

When,  therefore,  the  clock  correction  and  rate  have  been 
found  at  a  certain  instant  7^,  we  can  deduce  the  true  time  from 
the  clock  indication  T  (or  "  clock  face,"  as  it  is  often  called) 
at  any  other  instant,  by  the  equation 

r'  =  r  +  A  7;.+  ar  (r  —  7;)  (260) 

If  the  clock  correction  has  been  determined  at  two  different 
times  Tg  and  Tj  the  rate  is  inferred  by  the  equation 

ST=^^''  ^^^  (261) 

But  these  equations  are  to  be  used  only  so  long  as  we  can 
regard  the  rate  as  caasianU 

Since  such  uniformity  of  rate  canjiot  be  assumed  for  any  great 
length  of  time,  even  with  the  best  clocks  (although  the  perform- 
ance of  some  of  them  is  really  surprising),  it  is  proper  to  make 
the  interval  between  the  observations  for  time  so  small  that  the 
rate  may  be  taken  as  constant  for  that  interval.  The  length  of 
the  interval  will  depend  upon  the  character  of  the  clock  and  the 
degree  of  accuracy  required. 

Example. — ^At  noon,  May  6,  the  correction  of  a  mean  time 
clock  is  — 16*  47'.80 ;  at  noon.  May  12,  it  is  — 16*  18'.60 ;  what  is 
the  mean  time  on  May  25,  when  the  clock  £Etce  is  11^  13*  13:.% 
supposing  the  rate  to  be  uniform  ? 

May   5,  corr.    =  — 16*47*.30 
"    12,    "       =  —  16   13,50 
Bate  in  7  days  =       +33 .80 
dT=      +     4.829 

Taking,  then,  as  our  starting  point  7^  =  May  12,  0*,  we  have 
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for  the  interval  to  r=  May  25, 11*  13*  12'.6,  T-  7;  =  18*  11* 
13^  12r.6  =  18*.467.    Hence  we  have 

A  7;  =  —  16*18*.60 

dTiT—  To)  ==  +     1     5.03 

Ar=—  15     8.47 

r==  11*13*  12«.60 

T'  =  10  58     4.13 

But  in  this  example  the  rate  is  ohtained  for  one  true  mean 
day,  while  the  unit  of  the  interval  18*'.467  is  a  mean  day  as 
shown  by  the  clock.  The  proper  interval  with  which  to  com- 
pute the  rate  in  this  case  is  19*  10*  58*  4M8  =  13*.457  with 
which  we  find 

A  7;  =  —  ie»13'.50 

ST  X  13.457  =  +      1     4.98 

Ar  =  —    15     8.52 

T  =  IP  18*  12'.60 

2^=10  58     4.08 

This  repetition  will  be  rendered  unnecessary  by  always  giving 
the  rate  in  a  unit  of  the  clock.  Thus,  suppose  that  on  June  3, 
at  4*  11*  12*.35  by  the  clock,  we  have  found  the  correction 
+  2*  lO-.K ;  and  on  June  4,  at  14*  17"*  49'.82,  we  have  found 
the  correction  +  2"  19'.89 ;  the  rate  in  one  hour  of  the  clock  will  be 

dr=t^  =  +  0*.2858 
34.1104       ^ 

For  practical  details  respecting  the  care  of  clocks  and  other 
time-keepers,  the  methods  of  comparing  their  indications,  &;c., 
see  Vol.  n. ;  see  also  Chapter  Vn.,  **  Longitude  by  Chronometer.'* 
I  shall  here  confine  myself  to  the  methods  of  determining  their 
eorrection  by  astronomical  observation. 

Those  methods,  however,  which  involve  details  depending 
Qpon  the  peculiar  nature  of  the  instrument  with  which  the  ob- 
servation is  made,  will  be  treated  very  briefly  in  this  chapter, 
and  their  full  discussion  will  be  reserved  for  Vol.  IL 
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FIRST   METHOD. — BT  TRANSITS. 

138.  At  the  instant  of  a  star's  passage  over  the  meridian,  note 
the  time  Thj  the  clock.  The  star's  hour  angle  at  that  instant 
is  ==  0*,  whence  the  local  sidereal  time  T'  is  (Art  55) 

T'  =  a  =  the  star's  right  ascension. 

If  the  clock  is  regulated  to  the  local  sidereal  time,  we  have, 
therefore, 

But  if  the  clock  is  regulated  to  the  local  mean  time,  we  first  con- 
vert the  sidereal  time  a  into  the  corresponding  mean  time  T' 
(Art.  52),  and  then  we  have 

£kT=  T  —  T 

This,  then,  is  in  theory  the  simplest  and  most  direct  method 
possible.  It  is  also  practically  the  most  precise  when  properly 
carried  out  with  the  transit  instrument.  But,  as  the  transit  in- 
strument is  seldom,  if  ever,  precisely  adjusted  in  the  meridian, 
the  clock  time  T  of  the  true  meridian  transit  of  a  star  is  itself 
deduced  from  the  observed  time  of  the  transit  over  the  instru- 
ment by  applying  proper  corrections,  the  theory  of  which  will 
be  fully  discussed  in  Vol.  11. 

It  will  there  be  seen,  also,  that  the  time  may  be  found  from 
transits  over  any  vertical  circle. 


SECOND   METHOD. — BT  EQUAL  ALTITUDES. 

189.  (A.)  Eqml  altitudes  of  a  fixed  star. — The  time  of  the  meri- 
dian transit  of  a  fixed  star  is  the  mean  between  the  two  times 
when  it  is  at  the  same  altitude  east  and  west  of  the  meridian ;  so 
that  the  observation  of  these  two  times  is  a  convenient  substi- 
tute for  that  of  the  meridian  passage  when  a  transit  instrument 
is  not  available.  The  observation  is  most  frequently  made  with 
the  sextant  and  artificial  horizon;  but  any  instrument  adapted  to 
the  measurement  of  altitudes  may  be  employed.  It  is,  however, 
not  required  that  the  instrument  should  indicate  the  true  alti- 
tude ;  it  is  sufficient  if  the  altitude  is  the  same  at  both  observa- 
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tions.  If  we  use  the  same  instrument,  and  take  care  not  to 
change  any  of  its  adjustments  between  the  two  observations,  we 
may  generally  assume  that  the  same  readings  of  its  graduated 
arc  represent  the  same  altitude.  Small  inequalities,  however, 
may  still  exist,  which  will  be  considered  hereafter.* 

The  clock  correction  will  be  found  directly  by  subtracting 
the  mean  of  the  two  clock  times  of  observation  from  the  com- 
puted time  of  the  star's  transit. 

EXA.MPLB  1. — ^March  19,  1856;  an  altitude  of  Arcturus  east 
of  the  meridian  was  noted  at  11*  4"*  51'.5  by  a  sidereal  clock, 
and  the  same  altitude  west  of  the  meridian  at  17*  21*  80*.0;  find 
the  clock  correction. 

Bast  IP   4-51*.5 

West  17  21   30.0 

Merid.  transit  by  clock  =  T  =  14  13  10 .75 
March  19,  Arcturus  E.  A.  =  *  =  14  9  7 .11 
Clock  correction  =Ar  =  —     4    -3.64 

This  is  the  clock  correction  at  the  sidereal  time  14*  9*  7M1  or 
at  the  clock  time  14*  13*  10'.75. 

Example  2. — March  15,  1856,  at  the  Cape  of  Good  Hope, 
Latitude  33°  56'  S.,  Longitude  1*  13-  56*  E. ;  equal  altitudes  of 
Spiea  are  observed  with  the  sextant  as  below,  the  times  being 
noted  by  a  chronometer  regulated  to  mean  Greenwich  time. 
The  artificial  horizon  being  employed,  the  altitudes  recorded  are 
double  altitudes. 


EMt. 

2  Alt.  Spic*. 

West. 

10*20-    O'.S 

104»    0' 

2»  40-  88*. 

«    20   28. 

«      10 

«  40    10.5 

"    20    55. 

«      20 

"  89   42. 

10  20    27.83 

2  40    10.17 

10  20   27.83 

Merid.  Transit,  by  Chronom.  =  T  =  12  30    19  .00 

The  chronometer  being  regulated  to  Greenwich  time,  we 
must  compute  the  Greenwich  mean  time  of  the  star's  transit  at 
the  Cape  (Art.  52).    We  have 

*  For  the  method  of  obserying  equal  altitudes  with  the  sextant,  see  Vol.  II., 
"Sextant." 


12 
28 

8 
88 

41.92 
5.87 

12 

80 
2 

86.55 
2.07 

12 
12 

28 
80 

88.58 
19.00 
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Looal  sidereal  time  of  transit  =  a  =      18*  17"  87«.92 

Longitude  =  —    1   18    56 . 

Greenwich  sidereal  time  = 

Haroh  15,  eld.  time  of  mean  noon  = 

Sid.  interval  ft'om  mean  noon         = 

Bedaotion  to  mean  time  .  = 

Mean  Gr.  time  of  star's  ^ 

local  transit  /     =  ^  = 

Chronometer  time  of  do.      =  T  = 
Chronometer  correction       =  d  T  =  —         1    45 .42 

140.  (B).  Ejual  altitudes  of  the  sun  before  and  after  noon. — ^If  ih« 
declination  of  the  sun  were  the  same  at  both  observations,  the 
^hour  angles  reckoned  from  the  meridian  east  and  west  would  be 
equal  when  the  altitudes  were  equal,  and  the  mean  of  the  two 
clock  times  of  observation  would  be  the  time  by  the  clock  at 
the  instant  of  apparent  noon,  and  we  should  find  the  clock  cor- 
rection as  in  the  case  of  a  fixed  star.  To  find  the  correction 
for  tba  change  of  declination,  let 

^  :=  the  latitude  of  the  place  of  observation, 
d  =  the  sun's  declination  at  apparent  (local)  noon, 
Ad  =  the  increase  of  declination  from  the  meridian  to  the  west 
observation,  or  the  decrease  to  the  east  observation, 
h  =  the  sun's  true  altitude  at  each  observation, 
T^  =  the  mean  of  the  clock  times  A.M.  and  P.M., 
aT^  =  the  correction  of  this  mean  to  reduce  to  the  clock  time 
of  apparent  noon, 
t  =  half  the  elapsed  time  between  the  observations. 

Then  we  have 

^  -f  A  To  =  the  hour  angle  at  the  A.  M.  observation  reckoned 

towards  the  east, 
t  —  A  Tj,  =  the  hour  angle  at  the  P.M.  observation, 
a  —  A^   =  the  declination  at  the  A.M.         " 
d+  a9   =z  «  «    P.M         « 

and,  by  the  first  equation  of  (14)  applied  to  each  observation, 

sin  A  =  sin  ^  sin  (d  —  a^)  +  cos  ^  cos  (^  —  laS)  cos  (t  -{-  aT^ 
sin  A  =  sin  f>  sin  (d  -|-  a^)  +  cos  y  cos  (^  +  a^)  cos  (^  —  a  TJ 
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If  we  substitate 

Bin  (d  ±:  Ad)  =  gin  d  cos  Ad  ±  cob  d  Bin  Ad 
cos  (d  +  Ad)  =  COB  d  COS  Ad  q:  sin  d  sin  Ad 
cos  It  dt  aTo)  =  COB  t  COS  aITo  :?  sin  t  sin  aT^ 

and  then  subtract  the  first  equation  from  the  second,  we  shall 
find 

0  =s  2  sin  f  COB  d  sin  Ad  —  2  cos  f  Bin  d  sin  Ad  cos  t  cos  a7^ 
4-  2  COB  ^  cos  d  sin  t  cos  Ad  sin  a  7^ 

whence,  by  transposing  and  dividing  by  the  coefficient  of  sin  a  ?^ 

-,  tan  Ad .  tan  «    ,  tan  Ad .  tan  d  _ 

sin  a21  = : ^  H cos  aZI 

•  sin^  tane  • 

This  is  a  rigorous  expression  of  the  required  correction  aT^,  but 
the  change  of  declination  is  so  small  that  we  may  put  a^  for  its 
tangent,  aTq  for  its  sine,  and  unity  for  cos  aT^^,  without  any 
appreciable  error;  and,  since  a^  is  expressed  in  seconds  of  arc, 
we  shall  obtain  aT^  in  seconds  of  time  by  dividing  the  second 
member  by  15,    We  thus  find  the  formula* 

A^ ,  tan  <p       Ad .  tan  d 

A  r^  =  —  ^  +  (262) 

•  15  sine    ^  15tant  ^      ^ 

The  Ephemerie  gives  the  hourly  change  of  8.  If  we  take  it  for 
the  Greenwich  instant  corresponding  to  the  local  noon,  and  call 
it  A  '^,  and  if  Hs  reduced  to  hours,  we  have 

Ad  =  A'd.e 
and  our  formula  becomes 

^fp  ^_  A^d.ftany        A^d . If  tan  d       pquationi      ^ges^ 
•*  15  sine     "^     15  tan  e  Lfor  noonJ      ^      ^ 

To  fiu^ilitate  the  computation  in  practice,  we  put 


15  sin  t  15  tan  t 

a=il.A'd.tanf         6=J.A'd.tand  )   (264) 

then  we  have 

Aj;  =  a  +  b 

*  As  first  given  by  Gauss,  ManatUeke  OornqHrndniM,  VoL  2S. 
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The  correction  aT^  is  called  the  equation  of  equal  altitudes.  The 
computation  according  to  the  above  form  is  rendered  extremely 
simple  by  the  aid  of  our  Table  IV".,  which  gives  the  values  of 
log  A  and  log  B  with  the  argument  "elapsed  time"  (=2Q. 
Then  a  and  b  are  computed  as  above,  the  algebraic  signs  of  the 
several  factors  being  duly  observed.  When  the  sun  is  moving 
towards  the  7iorih,  give  a'^  the  positive  sign;  and  also  when 
^  and  d  are  north,  give  them  the  positive  sign ;  in  the  opposite 
cases  they  take  the  negative  sign.  The  signs  of  A  and  B  are 
given  in  the  table ;  A  being  negative  only  when  t  <  12*  and  B 
positive  when  <  <  6*  or  >  18*. 

When  we  have  applied  a  TJ^  to  the  mean  of  the  clock  times  (or 
the  "middle  time"),  we  have  the  time 

T=  T^  +  ^T, 

as  shown  by  the  clock  at  the  instant  of  the  sun's  meridian  transit. 
Then,  computing  the  time  T'^  whether  mean  or  sidereal,  which 
the  clock  is  required  to  show  at  that  instant,  we  have  the  clock 
correction,  as  before, 

£,T=T  ^  T 

Example. — March  6,  1856,  at  the  U.  S.  Naval  Academy,  Lat. 
88^  59'  K,  Long.  6*  5*  57'.5  W.,  the  sun  was  observed  at  the 
same  altitude,  A.M.  and  P.M.,  by  a  chronometer  regulated  to 
mean  Greenwich  time ;  the  mean  of  the  A.M.  times  was  1*  8"*  26*.6, 
and  of  the  P.M.  times  8*  45"*  41'.7 ;  find  the  chronometer  cor- 
rection at  noon. 

We  have  first  A.M.  Chro.  Time  =  1*   8-26*.6 

P.M.  «  «  =  8  45  41 J 
Elapsed  time  2t  =  7  37  15.1 
Middle  time  7;     =  4  57     4 .15 

From  the  Kphemeris  we  find  for  the  local  apparent  noon  of 
March  6, 1856, 

.    a  =  —  6<>  46'  22".5        Equation  of  time  =  +  11-  SS-.ll 
c^d  =  +  58".10 

For  the  utmost  precision,  we  reduce  ^'d  to  the  instant  of  local 


BT   EQUAL  ALTITUDES.  201 

noon.  "With  these  quantities  and  ^  =  88°  69',  we  proceed  aa 
follows : 

Arg.  7»  37-  Table  IV.  log  A       n9.4804  log  B        9.2151 

logAM       1.7642  logA'^       1.7642 

log  tan  f  9.9081  log  tan  d  n9.0047 

log  a        nl.l527  log  6        n99840 

a=  — 14'.21  6  =  — 0'.96 

Middle  Chro.  time  T^  =  4»  67-  4M6 

Ai;  =  a  +  6=        —16.17 

Chro.  Time  of  app.  noon  T  =  4  66    48.98 

This  quantity  is  to  be  compared  with  the  Greenwich  time  of  the 
local  apparent  noon,  since  the  chronometer  is  regulated  to 
Greenwich  time.    We  have 

Mean  local  time  of  app.  noon         =  0*  11-  36*.ll 

Longitude  =5     5    67 .50 

Mean  Greenwich  time        «  =  T'  =  5  17    82^61 

^T=T  —  T  =4-20-  43*.63 

If  the  correction  of  the  chronometer  to  mean  local  time  is 
required,  we  have  only  to  omit  the  application  of  the  longitude. 
Thus,  we  should  have 

Chro.  time  of  app.  noon    =  4*  66-  48*.98 
Equation  of  time  =  —  11    36 .11 

Chro.  time  of  mean  noon  =  4    46    13 .87 

and  since  at  mean  noon  a  chronometer  regulated  to  the  local 
time  should  give  0*  0-  O",  it  is  here  fast^  and  its  correction  to 
local  time  is  —  4*  45-  18'.87. 

141.  (C.)  Equal  altitudes  of  the  sun  in  the  afternoon  of  one  day  and 
the  morning  of  the  next  foUoioing  day  ;  i.e.  before  and  after  midnight. — . 
It  is  evident  that  when  equal  zenith  distances  are  observed  in 
the  latitude  +  ^,  their  supplement  to  180°  may  be  considered  as 
equal  zenith  distances  observed  at  the  antipode  in  latitude  —  f 
on  the  same  meridian.  Hence  the  formula  (263)  will  give  the 
equation  for  noon  at  the  antipode  by  substituting  —  ^  for  +  f , 
that  is,  by  changing  the  sign  of  the  first  term ;  but  this  noon  at 
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the  aDtipode  is  the  Bame  absolute  instant  as  the  midni^t  of  the 
observer,  and  hence 


aH  = 


0  ' 


15  sin  i     "^    16  tan  ^        L   midnight.  J        ^      ^ 


and  this  is  computed  with  the  aid  of  the  logarithms  of  A  and  B 
in  Table  IV.  precisely  as  in  (264),  only  changing  the  sign  of  A. 
The  sign  for  this  case  is  given  in  the  table.* 

142.  To  find  the  correction  for  small  inequaUties  in  the  altitudes. — 
If  from  a  change  in  the  condition  of  the  atmosphere  the  re- 
fraction is  different  at  the  two  observations,  equal  apparent  alti- 
tudes will  not  give  equal  true  altitudes.  To  find  the  change  a/ 
in  the  hour  angle  t  produced  by  a  change  aA  in  the  altitude  A, 
we  have  only  to  difierentiate  the  equation 

sin  A  =  sin  f^  sin  d  -|-  COB  ^  006  ^  oos  t 

regarding  f  and  d  as  constant ;  whence 

cos  A .  aA  =  —  cos  f  cos  9  sin  t .  15a^ 

where  aA  is  in  seconds  of  arc  and  ^t  in  seconds  of  time. 

If  the  altitude  at  the  west  observation  is  the  greater  by  aA,  the 
hour  angle  is  increased  by  a^,  and  the  middle  time  is  increased  by 
\  A^  The  correction  for  the  difference  of  altitudes  is  therefore 
—  \  Ai,  and,  denoting  it  by  a'  T^  we  have,  by  the  above  equation, 

t!T,  = ^!!^^^ (266) 

30  cos  ^  cos  d  sin  t 

This  correction  is  to  be  added  algebraically  to  the  middle  clock 
time  in  any  of  the  cases  (A),  (B),  (C)  of  the  preceding  articles. 

Example. — ^Suppose  that  in  Example  2,  Art.  189,  there  had 
been  observed  at  the  east  observation  Barom.  80.80  incheSi 
Therm.  35°  P.,  but  at  the  west  observation  Barom.  29.65  inches. 
Therm.  52°  F.  We  have  for  the  altitude  52°  5'  or  zenith  dis- 
tance  37°  55',  by  Table  I.,"  the  mean  refraction  45''.4.    By  Table 

*  For  an  example  and  some  praotioal  remarks,  see  my  "  ImproTed  method  of 
finding  the  error  and  rate  of  a  chronometer  by  equal  altitades,"  Appendix  to  the 
Americaa  Ephemeris  for  1866  and  1867. 
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X£V.A  and  A1Y.B,  the  correctionfl  for  the  barometer  and  ther- 
mometer are  ae  follows,  taking  for  greater  accuracy  one-eighth 
of  the  corrections  for  6' : 


EMtOb*. 

West  Obs. 

Barom.  80.80  +  0".6 

Barom.  29.55  —  0".6 

Thenn.  85».    +  1  .4 

Therm.  62°.    —  0  .1 

+  1  .9  —  0  .7 

The  difference  of  these  numbers  gives  aA  =  +  2''.6  as  the  excess 
of  the   true  altitude  at  the  west  observation.    Hence,  by  the 

formula  (266), 

aA  =  +   2".6  logAA  0.415 

A=       52^    6'  log  cos  A  9.789 

f»  =  —  83   66  log  sec  ^  0.081 

d==  — 10   25  log  sec  a  0.007 

t=i  elapsed  time  =  2*  9»   51«.  log  cosecf  0.270 

log  ,'o  8.528 

a'T;  =  +  0M2  log  a'T;  9.085 

When,  however,  several  altitudes  have  been  observed,  as  in 
this  example,  we  may  obtain  this  correction  from  the  observa- 
tions themselves ;  for  we  see  that  the  double  altitude  of  Spica 
changed  20^  =  1200"  in  about  55',  and  hence  we  have  the 

proportion 

1200":2".6  =  55':a'2; 

which  gives  aT^  =  +  0'.12  as  before.  By  taking  the  change  in 
the  double  altitude,  the  fourth  term  is  the  value  of  J  a/,  or  a'  T^ 

If  this  correction  be  applied,  we  find  the  corrected  time  of 
transit  =  12*  80*  19*.12,  and  consequently  the  chronometer  cor- 
rection Ar=  —  1-  45*.64. 

The  altitudes  may  differ  from  other  causes  besides  a  change  in 
the  refraction ;  for  instance,  the  second  observation  may  be  in- 
terrupted by  passing  clouds,  so  that  the  precisely  corresponding 
altitude  cannot  be  taken ;  but,  rather  than  lose  the  whole  ob- 
servation, if  we  can  observe  an  altitude  differing  but  little  from 
the  first,  we  may  use  it  as  an  equal  altitude,  and  compute  the 
correction  for  the  difference  by  the  formula  (266). 

148.  Uffect  of  errors  in  the  latitude,  declination,  and  altitude  upon 
the  time  found  by  equal  altitudes. — The  time  found  by  equal  altitudes 
of  a  fixed  star  is  wholly  independent  of  errors  in  the  latitude 
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and  declination,  since  these  quantities  do  not  ent^r  into  the  com* 
putation.  In  observations  of  the  sun,  an  error  in  the  latitude 
affects  the  term 

a  =  A^'d  tan  f 

by  differentiating  which  we  find  that  an  error  d<p  produces  in  a 
the  error  da  =  A:i'8.  sec*  f  .  rff ,  or,  putting  sin  d^  for  df, 

da  =  A  ^'d  sec'  ^  sin  d^ 

In  the  same  manner,  we  find  that  an  error  dd  in  the  declination 
produces  in  b  the  error 

db  =  B^'d  sec'  d  sin  dd 

In  the  example  of  Art.  140,  suppose  the  latitude  and  declina- 
tion were  each  in  error  V.    We  have 

logAc^'d  nl.2446  log  B6!d  0.9798 

log  sec'  f>    0.2188  log  sec*  d  0.0044 

log  sin  1'    6.4637  log  sin  1'  6.4687 

log<fa       n7.9271  \ogdb        7.4474 

<fa  =  — O^.OOS  <»=  +  0'.008 

If  dip  and  dd  had  opposite  signs,  the  whole  error  in  this  case  would 
be  O-.OOS  +  O-.OOS  =  O-.Oll.  As  the  observer  can  always  easily 
obtain  his  latitude  within  1'  and  the  declination  (even  when  the 
longitude  is  somewhat  uncertain)  within  a  few  seconds,  we  may 
regard  the  method  as  practically  free  from  the  effects  of  any 
errors  in  these  quantities.  The  accuracy  of  the  result  will  there* 
fore  depend  wholly  upon  the  accuracy  of  the  observations. 

The  accuracy  of  the  observations  depends  in  a  measure  upon 
the  constancy  of  the  instrument,  but  chiefly  upon  the  skill  of  the 
observer.  Each  observer  may  determine  the  probable  error  of 
his  observations  by  discussing  them  by  the  method  of  least 
squares.  An  example  of  such  a  discussion  will  be  given  in  the 
following  article. 

The  effect  of  an  error  in  the  altitude  is  given  by  (266)*  Since 
we  have,  A  being  the  azimuth  of  the  object, 

.       cos  d  sin  t 

sm  A  = 

cos  A 
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the  formula  may  also  be  written 

aT.^ ^ 

30  cos  f  sin  A 

which  will  be  least  when  the  denominator  is  greatest,  ue.  when 
A  =  90°  or  270°,  or  when  the  object  is  near  the  prime  vertical. 
From  this  we  deduce  the  practical  precept  to  take  the  observations 
when  the  object  is  nearly  east  or  xoesU  This  rule,  however,  must  not 
be  carried  so  far  as  to  include  observations  at  very  low  altitudes, 
where  anomalies  in  the  refraction  may  produce  unknown  dif- 
ferences in  the  altitudes.  If  the  star's  declination  is  very  nearly 
equal  to  the  latitude,  it  will  be  in  the  prime  vertical  only  when 
quite  near  to  the  meridian,  and  then  both  observations  may  be 
obtained  within  a  brief  interval  of  time ;  and  this  circumstance 
is  favorable  to  accuracy,  inasmuch  as  the  instrument  will  be  less 
liable  to  changes  in  this  short  time. 

144.  Probable  error  of  observation. — The  error  of  observation  is 
composed  of  two  errors,  one  arising  from  imperfect  setting  of 
the  index  of  the  sextant,  the  other  from  imperfect  noting  of  the 
time ;  but  these  are  inseparable,  and  can  only  be  discussed  as  a 
single  error  in  the  observed  time.  The  individual  observations 
are  also  aftected  by  any  irregularity  of  graduation  of  the  sextant, 
.  but  this  error  does  not  aftect  the  mean  of  a  pair  of  observations 
on  opposite  sides  of  the  meridian;  and  therefore  the  error  of 
observation  proper  will  be  shown  by  comparing  the  mean  of 
the  several  pairs  with  the  mean  of  these  means.  If,  then,  the 
mean  of  a  pair  of  observed  times  be  called  a,  the  mean  of  all 
these  means  a„,  the  probable  error  of  a  single  pair,  supposing  all 
to  be  of  the  same  weight,  is* 


\     n-1 


in  which  n  =  the  number  of  pairs,  and  q  =  0.6745  is  the  factor 
to  reduce  mean  to  probable  errors.  The  probable  error  of  the 
final  meau  a^  is 

e 
*  Sm  Appendix,  Ltatt  Squaret. 
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Example.— At  the  U.  S.  Naval  Academy,  June  18,  1849,  the 
following  series  of  equal  altitudes  of  the  sun  was  observed. 


Cbro.  A.M. 

Ghro.  P.X. 

a 

a  — oo 

(a-ao)P 

0»  48"»  68*. 

9»44"    8".6 

6*  18*  68».26 

+  0».12 

0.0144 

44    19. 

48    88. 

68.60 

+  0.87 

.1869 

44    46. 

48    11.6 

68.26 

+  0.12 

.0144 

46    11. 

42    46.8 

68.66 

+  0.62 

.2704 

46    87. 

42    19.7 

68.86 

+  0.22 

.0484 

46     1.7 

41    68.6 

67.60 

—  0.68 

J2809 

46    28.6 

41    27. 

67.76 

—  0.88 

.1444 

46    66. 

41      0.6 

67.76 

-0.88 

.1444 

47    19.7 

40    86.6 

68.10 

-0.08 

2(a-ao)«  = 

.0009 

6  18 

68.18 

1.0661 

flt=:9 
Ii-ls8 

f  = 

r 

0*246 
0^082 

A  similar  discussion  of  a  number  of  sets  of  equal  altitudes  of 
the  sun  taken  by  the  same  observer  gave  0'.23  as  the  probable 
error  of  a  single  pair  for  that  observer,  and  consequently  the 
probable  error  of  the  result  of  six  observations  on  each  side  of 
the  meridian  would  be  only  0'.23  -4-  ]/  6  =  0*.094.  This,  how- 
ever, expresses  only  the  accidental  error  of  observatmiy  and  does 
not  include  the  efiect  of  changes  in  the  state  of  the  sextant  be- 
tween the  morning  and  afternoon  observations.  Buch  changes 
are  not  unfrequently  produced  by  the  changes  of  temperature  to 
which  it  is  exposed  in  observations  of  the  sun;  it  is  important, 
therefore,  to  guard  the  instrument  from  the  sun's  rays  as  much 
as  possible,  and  to  expose  it  only  during  the  few  minutes 
required  for  each  observation.  The  determination  of  the  time 
by  stars  is  mostly  free  from  difficulties  of  this  kind,  but  the 
observation  is  not  otherwise  so  accurate  as  that  of  the  sun,  ex- 
cept in  the  hands  of  very  skilful  observers. 


THIKD   METHOD. — BT  A  SINGLE  ALTITUDE,   OR  ZENITH  DISTANCE. 

145.  Let  the  altitude  of  any  celestial  body  be  observed  with 
the  sextant  or  any  altitude  instrument,  and  the  time  noted  by 
the  clock.  For  greater  precision,  observe  several  altitudes  in 
quick  succession,  noting  the  time  of  each,  and  take  the  mean  of 
the  altitudes  as  corresponding  to  the  mean  of  the  times.    But 
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in  taking  the  mean  of  several  observations  in  this  way,  it  must 
not  be  forgotten  that  we  assume  that  the  altitude  varies  in  pro- 
portion to  the  time,  which  is  theoretically  true  only  in  the 
exceptional  case  where  the  observer  is  on  the  equator  and  the 
star's  declination  is  zero.  It  is,  however,  practically  true  for  an 
interval  of  a  few  minutes  when  the  star  is  not  too  near  the 
meridian.  The  observations  themselves  will  generally  show  the 
limit  beyond  which  it  will  not  be  safe  to  apply  this  rule.  When 
the  observations  have  been  extended  beyond  this  limit,  a  cor- 
rection for  the  unequal  change  in  altitude  (i.e.  for  second  differ- 
ences) can  be  applied,  which  will  be  treated  of  below. 

With  the  altitude  and  azimuth  instrument  we  generally  ob- 
tain zenith  distances  directly.  In  all  cases,  however,  we  may 
suppose  the  observation  to  give  the  zenith  distance.  Having 
then  corrected  the  observation  for  instrumental  errors,  for  re- 
fraction, &c..  Arts.  185,  186,  let  {^  be  the  resulting  true  or  geo- 
centric zenith  distance.  Let  y?  be  the  latitude  of  the  place  of 
observation,  d  the  star's  declination,  i  the  star's  hour  angle. 
The  three  sides  of  the  spherical  triangle  formed  by  the  zenith, 
the  pole,  and  the  star  may  be  denoted  by  a  =  90°  —  ^,  6  =  {;,  c  = 
90®  —  3,  and  the  angle  at  the  pole  by  B  =  /,  and  hence,  Art.  22, 
we  deduce 

smH=J(«'"^P  +  ^^-'^>^^''^^^'-^^-'^J\       (267) 
\  \  COS  y>  cos  ^  I 

which  gives  t  by  a  very  simple  logarithmic  computation.  From 
/  we  deduce,  by  Art.  55,  the  local  time,  which  compared  with 
the  observed  clock  time  gives  the  clock  correction  required. 

It  is  to  be  observed  that  the  double  sign  belonging  to  the 
radical  in  (267)  gives  two  values  of  sin  J  <,  the  positive  corre- 
sponding to  a  west  and  the  negative  to  an  east  hour  angle ;  since 
any  given  zenith  distance  may  be  observed  on  either  side  of  the 
meridian.  To  distinguish  the  true  solution,  the  observer  must 
of  course  note  on  which  side  of  the  meridian  he  has  observed. 

If  the  object  observed  is  the  sun,  the  moon,  or  a  planet,  its 
declination  is  to  be  taken  from  the  Ephemeris,  for  the  time  of 
the  observation  (referred  to  the  meridian  of  the  Ephemeris) ;  but, 
as  this  time  is  itself  to  be  found  from  the  observation,  we  must 
at  first  assume  an  approximate  value  of  it,  with  which  an  approxi- 
mate declination  is  found.    With  this  declination  a  first  compu- 
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tation  by  the  formula  gives  an  approximate  value  of  /,  and  hence 
a  more  accurate  value  of  the  time,  and  a  new  value  of  the  decli- 
nation, with  which  a  second  computation  by  the  formula  gives  a 
still  more  accurate  value  of  /.  Thus  it  appears  that  the  solution 
of  our  problem  is  really  indirect,  and  theoretically  involves  an 
infinite  series  of  successive  approximations;  in  practice,  how- 
ever, the  observer  generally  possesses  a  sufficiently  precise  value 
of  his  clock  correction  for  the  purpose  of  taking  out  the  declina- 
tion of  the  sun  or  planets.  The  moon  is  never  employed  for 
determining  the  local  time  except  at  sea,  and  when  no  other 
object  is  available.* 

Example. — ^At  the  U.  8.  Naval  Academy,  in  Latitude  ^=88° 
58'  63"  K,  Longitude  6*  6"*  67'.6  W.,  December  9,  1851,  the  fol- 
lowing  double  altitudes  of  the  sun  west  of  the  meridian  were 
observed  with  a  sextant  and  artificial  horizon,  the  times  being 
noted  by  a  Greenwich  mean  time  chronometer; 


Chronometer. 

2fit 

7*  35-  14'.5 

88°  80* 

Barom.  80.28  inches. 

35   55. 

"    20 

Att.  Therm.  55°  F. 

36   35.5 

«    10 

Ext.  Therm.  50"  P. 

87    16.5 

«      0 

Index  correction  of  the 

87   55. 

82   50 
88   10 

sextant  =  —  1'  10" 

7  36   85.1 

The  approximate  correction  of  the  chronometer  was  assumed  to 
be  +  9"*  40*.     Find  its  true  correction. 

With  the  assumed  chronometer  correction  we  obtain  the  ap- 
proximate Greenwich  time  =  7*  46*  15*,  with  which  we  take 
from  the  Ephemeris 

^  =  —  22^  50'  27"  Sun's  semidiamoter  S  =  16'  17" 
Eq.  of  time  =—    7"  25*.80       «      hor.  parallax    n=         8".7 

We  have  then 


*  But  the  moon's  altitade  and  the  hour  angle  deduced  from  it  may  be  need  in 
finding  the  obserrer^e  longitude,  as  wiU  be  shown  in  the  Chapter  on  Longitude. 

t  The  symbol  Q^  is  used  for  "  observed  altitude  of  the  sun's  lower  limb,"  and  2  Q 
for  the  double  altitade  from  the  artificial  horiion.    In  a  similar  manner  we  use 

0.  XT- 
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Observed  2  ©  =  SSMV    0" 
Index  coiT.      =  — ■     1  10 

33  8  60 

App.  altitude    =16  34  25 

2r  =  73  25  35 

(TableIL)r  =  +  3  15 

7CB\nz  =  p  z= —  8 

/S=—  16  17 


C  =  73    12  25 
The  computation  by  (267)  is  then  as  follows: 


88»  68'  68" 

log  sec  f         0.109388 

8  =  - 

-22   60  27 

log  sec  8         0.036464 

f-d  = 

61  49  20 

log  sin  }  snm  9.966661 

C  = 

73   12  25 

log  sin  }  diff.  8.996456 

}  sum  = 

67   80  62.6 

19.106968 

idiif.  = 

6  41  82.6 

log  sin  }«        9.553482 

}  t  =  20^  57'  25''.6      • 
Apparent  time  =  t  =  2*  47-  39'.4 
Eq.  of  time  =  —7    25  >8 

Local  mean  time      =  2  40    13  .6 
Longitude  =5     5    57 .5 

True  Gr.  Ti  me  =  T'  =  7  46    11.1 
T=:=7  36    35.1 
aJ'=+  9    36.0 

agreeing  so  nearly  with  the  assumed  correction  that  a  repetition 
of  the  computation  is  unnecessary. 

146,  If  it  is  preferred  to  use  the  altitude  instead  of  the  zenith 
distance,  put  the  true  altitude  h  =  90°  —  {;,  and  the  polar  distance 
of  the  star  P=  90°  —  d,  then  we  have,  in  (267), 

8ini[C— (^  — a)]=8inj(90°  — A  — ^  +  90°— P)=cosJ(^+f>  +  ^ 
8mi[C+f>  — a]=Bin}(90°  — A  +  sp  — 90°  +  P)  =  Bin}(^  +  P— A) 

Jfihenweput 

the  formula  becomes 

•    la        / / cos fi sin  («  —  A) \ 

\\      cos  «>  smP     /  ^      ' 
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In  this  form  we  may  always  take  P  =^  the  distance  from  the  ele- 
vated pole,  and  regard  the  latitude  as  always  positive,  and  then 
no  attention  to  the  algebraic  signs  of  the  quantities  in  the  second 
member  is  required.  Thus,  iu  the  preceding  example,  we  should 
proceed  as  follows : 

App.alt.=    16*>34'25" 
r— ;?=    —     3    7 
S=         16  17 
h=    16    47  35 

f>=  88  68  53   log  sec  0.109883 

P  =  112  50  27   log  cosoc  0.035464 

25  =  168  36  55 

«  =    84    18  27  .5 log  cos     8.996455 

«  —  A  =   67    30  52  .5 log  sin      9.965661 

19.106963 

and  the  computation  is  finished  as  in  the  preceding  article. 

147.  If  we  aim  at  the  greatest  degree  of  precision  which  the 
logarithmic  tables  can  afibrd,  we  should  find  the  angle  |^  by  its 
tangent,  since  the  logarithms  of  the  tangent  always  vary  more 
rapidly  than  those  of  the  other  functions.  For  this  purpose  we 
deduce 

«  =  J  (C  +  s^  +  ^)  \ 

tan>^=.J(-^-(^-^^-^-C^-^n  (269) 

^  \       cos  «  COS  («  —  C)        /  J 

or»  if  the  altitude  is  used, 

tan}t  =  Jf— i2^1illL(izJ^I_\         (    (270) 
^  \  sin  (s  —  f>)  cos  («  —  P)  /         ) 

148.  If  a  number  of  observations  of  the  same  star  at  the  same 
place  are  to  be  individually  computed,  it  will  be  most  readily 
done  by  the  fundamental  equation 

COB  C  —  sin  9  sin  d 
cosr= ' 

cos  |P  COS  d 
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for  the  logarithms  of  sin  tp  sin  i  and  cos  <p  cos  d  will  be  constant, 
and  for  each  observation  we  shall  only  have  to  take  from  the 
trigonometric  table  the  log.  of  cos  ^ ;  the  logarithm  of  the  nume- 
rator will  then  be  found  by  the  aid  of  Zech's  Addition  or  Sub- 
traction Table,  which  is  included  in  IIulsse*s  edition  of  Vega's 
Tables.  The  addition  or  the  subtraction  table  will  be  used  ac- 
cording as  sin  (p  sin  d  is  positive  or  negative. 

149.  Effect  of  errors  in  the  data  upon  the  time  computed  from  an 
altitude, — ^We  have  from  the  diiferential  equation  (51),  Art.  35, 
multiplying  dt  by  15  to  reduce  it  to  seconds  of  arc, 

sin  q  cos  d  (15  dt)  =  dZ  —  cos  Ad^  +  cos  q  dS 

where  rff ,  rf^,  rfd,  may  denote  small  errors  of  J",  j?,  9,  and  dt  the 
corresponding  error  of  ^;  A  is  the  star's  azimuth,  q  the  parallactic 
angle,  or  angle  at  the  star. 

If  the  zenith  distance  alone  is  erroneous,  we  have,  by  putting 
df  ==  0,  and  dd  =  0, 


sin  q  cos  d       cos  ^  sin  A 

from  which  it  follows  that  a  given  error  in  the  zenith  distance 
will  have  the  least  eifect  upon  the  computed  time  when  the 
azimuth  is  90®  or  270° ;  that  is,  when  the  star  is  on  the  prime 
vertical ;  for  we  then  have  sin  ^  =  dz  1,  and  the  denominator 
of  this  expression  obtains  its  maximum  numerical  value.  Also, 
since  cos  ^  is  a  maximum  for  ^  =  0,  it  follows  that  observa- 
tions of  zenith  distances  for  determining  the  time  give  the 
most  accurate  results  when  the  place  is  on  the  equator.  On  the 
other  hand,  the  least  favorable  position  of  the  star  is  when  it  id 
on  the  meridian,  and  the  least  favorable  position  of  the  observer 
is  at  the  pole. 
By  putting  d^  =  0,  rfi  =  0,  sin  q  cos  d  =  cos  ip  sin  A  we  have 


cos  <p  tan  A 


by  which  we  see  that  an  error  in  the  latitude  also  produces  the 
least  efiect  when  the  star  is  on  the  prime  vertical,  or  when  the 
observer  is  on  the  equator.    Indeed,  when  the  star  is  exactly  in 
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the  prime  vertical,  a  small  error  in  ip  has  no  appreciable  eflfect: 
since,  then,  tan  A  =  oo,  and  hence  when  the  latitude  is  uncertain, 
we  may  still  obtain  good  results  by  observing  only  stars  near  the 
prime  vertical. 
By  putting  dQ  =  0,  rfj?  =  0,  we  have 

lbdt=        ^^ 


cos  d  tan  q 


which  shows  that  the  error  in  the  declination  of  a  given  star 
produces  the  least  effect  when  the  star  is  on  the  prime  vertical  ;* 
and  of  different  stars  the  most  eligible  is  that  which  is  nearest 
to  the  equator. 

As  very  great  zenith  distances  (greater  than  80°)  are,  if  pos- 
sible, to  be  avoided  on  account  of  the  uncertainty  in  the  refraction, 
the  observer  will  often  be  obliged,  especially  in  high  latitudes, 
to  take  his  observations  at  some  distance  from  the  prime  vertical, 
in  which  case  small  errors  of  zenith  distance,  latitude,  or  declina- 
tion may  have  an  important  effect  upon  the  computed  clock  cor^ 
rection.  Nevertheless,  constant  errors  in  these  quantities  will 
have  no  sensible  effect  upon  the  rate  of  the  clock  deduced  from 
zenith  distances  of  the  same  star  on  different  days,  if  the  star  is 
observed  at  the  same  or  nearly  the  same  azimuth,  on  the  same 
side  of  the  meridian ;  for  all  the  clock  corrections  will  be  in- 
creased or  diminished  by  the  same  quantities,  so  that  their 
differences,  and  consequently  the  rate,  will  be  the  same  as  if 
these  errors  did  not  exist.  The  errors  of  eccentricity  and 
graduation  of  the  instrument  are  among  the  constant  errors^ 
which  may  thus  be  eliminated. 

But  if  the  same  star  is  observed  both  east  and  west  of  the 
meridian,  and  at  the  same  distance  from  it,  sin  A  or  tan  A,  and 
tan  y,  will  be  positive  at  one  observation  and  negative  at  the 
other,  and,  having  the  same  numerical  value,  •  constant  errors 
dipj  ddy  and  d!^  will  give  the  same  numerical  value  of  dt  with 
ojjpbsite  signs.  Hence,  while  one  of  the  deduced  clock  correc- 
tions will  be  too  great,  the  other  will  be  too  small,  and  their 
mean  will  be  the  true  correction  at  the  time  of  the  star's  transit 


*  From  the  equation  ein  q  =  22!Li  sin  A^  it  folIowB  that  sin  ^  ifl  a  maximum 

cos  o 

(for  constant  values  of  ^  and  d)  when  sin  ^  =  1,  and  tan  ^  is  a  maziciur  ir  f  he 

same  ^case. 
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over  the  mertflian.  Ileiiee,  it  follows  again,  as  in  Art  148,  that 
Bmall  errors  in  the  latitude  and  declination  have  no  sensible 
eflect  upon  the  time  computed  from  equal  altitudes. 

•  150.   To  find  the  change  of  zenith  distance  of  a  star  in  a  given  in* 
tcrval  of  iinie,  having  regard  to  second  differences. 
The  formula 

dZ  =  cos  (p  BxviAdt 

is  strictly  true  only  when  rfj  and  dt  are  infinitesimals.  But  the 
complete  expression  of  the  finite  difterence  a^  in  terms  of  the 
finite  diflference  a<  involves  the  square  and  higher  powers  of  a^ 
Let  !^  be  expressed  as  a  function  of  i  of  the  form 

then,  to  find  any  zenith  distance  (^  +  a^  corresponding  to  the 
hour  angle  t  +  a<,  we  have,  by  Taylor's  Theorem, 

c  +  a:  =f(f  +  ao  =ft  +  ^^  At  +i^.^  + . . . 

or,  taking  only  second  differences, 

dt        ^  dt*    2 
We  have  already  found 

—  =  cos  ^  sin  A 
dt 

which  gives,  since  A  varies  with  <,  but  ^  is  constant, 

<?:  .    dA 

—  =  cos  a»  cos  A  •  — 
dt*  dt 

But  from  the  second  of  equations  (51)  we  have,  since  d3  and  df 
ate  here  zero, 

dA cos  q  cos  d cos  q  sin  A 

dt  sin  C                 sin  i 
whence 

d*Z cos  ^  sin  A  cos  A  cos  q 

dt*  ~  :    sine 
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and  the  expression  for  a^  becomes 

'       A        ^    .     COS  CP  Sin^  C08-4  COSfl'    Af* 
AC  ==  COB  ^  BID  A.M  -i 

sin  t  2 

since  Af  and  a<  are  here  supposed  to  be  expressed  in  parts  of 
the  radius,  if  we  wish  to  express  them  in  seconds  of  arc  and  of 
time  respectively,  we  must  substitute  for  them  a{;  sin  1"  and 
16  Ai  sin  1",  and  the  formula  becomes 

.     .,-.    ^.    ,  coB^psinilcos-^cosflr  (15 An* sin  1"     ,^^^. 

AC  =  COB  a>  sm  A  (15  Af)  -{ ^ •  ^ ^ (271) 

sin  ^  2 

But  in  so  small  a  term  $is  the  last  we  may  put 

(15A0"8inl"       2  8in«  iAf 
2  Bin  1" 

the  value  of  which  is  given  in  our  Table  V.,  and  its  logarithm 
in  Table  VI. ;  so  that  if  we  put  also 

.     .        -       cos  A  cos  a 

a  =  COS  f>  Bin-4,       k  = ^ 

sin  t 

we  shall  have 

AC  =  15  aAt  +  akm  .(272) 

151.  A  number  of  zenith  distances  being  observed  at  given  clock 
timeSj  to  correct  the  mean  of  the  zenith  distances  or  of  the  clock  times 
for  second  differences. — The  first  term  of  the  above  value  of  a^ 
varies  in  proportion  to  a/,  but  the  second  term  varies  in  propor- 
tion to  A? ;  and  hence,  when  the  interval  is  sufficiently  great  to 
render  this  second  term  sensible,  equal  intervals  of  time  corre- 
spond to  unequal  difterences  of  zenith  distance,  and  vice  versa: 
in  other  words,  we  shall  have  second  diflferences  either  of  the 
zenith  distance  or  of  the  time.  Two  methods  of  correction 
present  themselves. 

Ist.  Seduction  of  the  mean  of  the  zenith  distances  to  the  mean  of  the 
times. — ^Let  7\,  T^y  T",,  &c.  be  the  observed  clock  times ;  f  j,  (^„  {^j, 
&c.  the  corresponding  observed  zenith  distances;  jTthe  mean  of 
the  times;  f^  the  mean  of  the  zenith  distances;  (^  the  zenith 
distance  corresponding  to  T.  The  change  Ci  ~  C  corresponds  to 
the  interval  T^—  Ty  Cj  — Cto  ^2—  ^>  *^«-;  so  that  if  we  put 


m,= 
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we  have,  by  (272), 

C,  —  C  =  15arj  4- oAwij 
Cg  —  C  =  15  a  Tj,  +  akm^ 
Cg  —  C  =  15ar.  +  a/rm, 
.&c.  &c. 

in  which  nu  =  — .    ,,/\  ?n,  =     .^"  *7',  &c.,  are  found  by  Tab.  V. 
*         sin  1"    '    ^         Bin  1" 

with  the  arguments  Tj,  t^  &c.  The  mean  of  these  equations, 
observing  that 

n  +  ^a  +  ^.  +  &<5.  =  0 

gives 

C:=C  gj^  7^  +  ^»  +  ^»  +  *^ 

in  which  n  =  the  number  of  observations.  Or,  denoting  the  mean 
of  the  values  of  m  from  the  table  by  wi^,  that  is,  putting 

m^  +  wi,  4-  ^a  4-  &C' 

n 

we  have 

C  =  Co  -  akm,  (273) 

2(f.  Beducikn  of  the  mean  of  the  times  to  the  mean  of  the  zenith 
Hsiancea. — Let  Tq  be  the  clock  time  corresponding  to  the  mean 
of  the  zenith  distances,  then  Co  "~  C  ^^  the  change  of  zenith  dis- 
tance in  the  interval  T^—Ty  and,  since  this  interval  is  very  small, 
we  shall  have  sensibly 

15a(r,—  !r)  =  Co  — C  =  aAm„ 
whence 

T.=  T+^\km,  (2M) 

We  have,then,only  to  compute  the  true  time  T^'  from  the  mean 
of  the  zenith  distances  in  the  usual  manner,  and  the  clock  cor^ 
rection  will  then  be  found,  as  in  other  cases,  by  the  formula 

To  compute  A-,  we  must  either  first  find  q  and  -4,  or,  which  is 
preferable,  express  it  by  the  known  quantities.    We  have 

cos  jr  coB^  =  cos  f  —  sin  jr  sin ii  oos  C 

.        sin*  t  -        ^ 

=  cos  f cos  f  cos  ^  cos  C 

siu'C 


il6 

whence 


TIME. 


m  mil  X  A  f  Bin  <  COS  0  COS  d  ,„^^^ 

^0  =  r  +  Jj  m,  cot  f  -  t'j  wio  — .    ^/   ^  (276) 

Bin  C  tan  C 


In  which  we  employ  for  ^  and  t  the  mean  zenith  distance  and 
the  computed  hour  angle. 

This  mode  of  correction  is  evidently  more  simple  and  direct 
than  the  first. 

Example.— In  St.  Louis,  Lat.  88^  38'  15''  K,  Long.  6*  1"*  7*  W,, 
tne  following  double  altitudes  of  the  sun  were  observed  with  a 
Pistor  and  Martin  prismatic  sextant,  the  index  correction  of 
which  was  +  20".  The  assumed  correction  of  the  chronometer 
to  mean  local  time  was  +  2*  12*.  Baroui.  80.26  inches,  Att 
Therm.  80°,  Ext.  Therm.  81°. 

St.  Louis,  June  24, 1861. 
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Chronom. 

T 

111 

125«>  16'  10". 

22*14" 

•80».6 

6«42- 

88M4 

125   49  10 

16 

7.6 

6     6 

60  .78 

126   28     0 

17 

46.0 

8    26 

28.14 

126   41  40 

18 

89.6 

2    88 

12  .76 

127   82  80 

21 

6.6 

0     6 

0.02 

127   67  46 

22 

22. 

1    10 

2.67 

128   22     0 

28 

88.6 

2    21 

10.84 

128   61  60 

26 

1.2 

8    49 

28  .60 

129     8  86 

26 

61.8 

4    89 

42.46 

129   88     0 

27 

8.5 

5   61 

67  .19 

ICeaa 

127   88  28 

7'=  22  21 

12.16 

m^. 

=  82.66 

+  20 

Correction  for  1 

second  diff.    J  ™ 

1.67 

logwio 

- 

127   38  48 

1.6189 

Obs'd  0 

68   46  64 

7i=:22  21 

10.48 

log.  A 

8.8289^ 

(*)r  = 

—  27  .2 

7i'  =  22  28 

22.94 

log  cot  t 

110.8867 

—  4».73 

nO.6746 

P  = 

+     8.7 

a7'=+     2 

12.46 

8  = 

+    16  46  .8 

lo«A«o 

0.8878 

Ao  = 

64     2  16  .8 

logsinl 

119.6216 

•    Co  = 

26   67  48  .2 

log  COB  ^ 

9.8927 

0  = 

88   88  16  . 

log  COB  d 

9.9627 

d  = 

28   28  49  .8 

log  cosec  C; 

,   0.8688 

t  ^ 

-24<'48'48".4 

log  cot  Co 

0.8126 

=  - 

-    l*88-65».28 

-.8«.06 

110.4860 

App.  time  =^ 

22   21     4.77 

—  1.67 

£q.  of  time  = 

+     2   18.17 

7i'  = 

22   28    22.94 

*The  refraction  should  here  be  the  mean  of  the  refractions  computed  for  the 


CORRECTION   FOR   SECOND   DIFFERENCES.  2l7 

The  correction  for  second  differences  is  particularly  useful  in 
reducing  series  of  altitudes  observed  with  the  repeating  circle  ;* 
for  with  this  instrument  we  do  not  obtain  the  several  altitudes, 
but  only  their  mean.  (See  Vol.  11.)  When  the  several  altitudes 
are  known,  we  can  avoid  the  correction  by  computing  each 
observation,  or  by  dividing  the  whole  series  into  groups  of  such 
extent  that  within  the  limits  of  each  the  second  differences  will 
be  insensible,  and  computing  the  time  from  the  mean  of  each 
group. 

FOURTH   METHOD. — BY   THE   DISAPPEARANCE   OF  A   STAR  BEHIND  A 
TERRESTRIAL   OBJECT. 

152.  The  rate  of  the  clock  may  be  found  by  this  method  with 
considerable  accuracy  without  the  aid  of  astronomical  instru* 
ments.  The  terrestrial  object  should  have  a  sharply  defined 
yertical  edge,  behind  which  the  disappearance  is  to  be  observed, 
and  the  position  of  the  eye  of  the  observer  should  be  precisely 
the  same  at  all  the  observations.  If  the  star's  right  ascension 
and  declination  are  constant,  the  difference  between  the  sidereal 
clock  times  T^  and  T^  of  two  disappearances  is  the  rate  ST  in  the 
interval,  or 

dT=  2;—  T, 

but  if  the  right  ascension  a  has  increased  in  the  interval  by  Aa, 
then  the  rate  is 

dT=  T^—  T^  +  Ad 

To  find  the  correction  for  a  small  change  of  declination  =  a*, 

•ereral  altitudes  or  zenith  distances,  but  for  small  zenith  distances  the  difference 
will  be  insensible.  At  great  zenith  distances  we  should  compute  the  seyeral  reArao* 
tions,  but  under  80°  we  may  take  the  refraction  r  for  the  mean  apparent  zenith 
distance  Sg,  and  correct  it  as  follows :  Take  the  difference  between  Zq  and  each  z,  and 
the  mean  tuq  of  the  values  of 

^_2sin«H^~^o) 
sin  1" 

ftrom  Table  Y.  (converting  the  argument  1  —  f^  into  time) ;  then  the  mean  of  the 
reftwstions  wiU  be  found  bj  the  formula 

r^=:r  '\-  2fn^  sin  r  sec*  Zq 

The  difference  z  —  z^  should  not  much  exceed  1°. 

*  This  method  was  firequentlj  practised  in  the  geodetic  survey  of  France.     See 
JfowdU  Description  GiomStrigue  de  la  France  (Puissamt),  Vol.  I.  p.  96. 
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we  have,  by  the  second  equation  of  (51),  since  the  azimuth  is  here 
constant  as  well  as  the  latitude,  so  that  rf J.  =  0  and  dip  =  0, 

A^tan  a 
A«  = ^ 

15  COB  ^ 

and  hence  the  rate  in  the  interval  will  be 

er=r.-2;  +  Aa-^^  (276) 

15  COS  d 

The  angle  q  will  be  found  with  sufficient  precision  from  an 
approximate  value  of  i  by  (19)  or  (20). 

If  we  know  the  absolute  azimuth  of  the  object,  we  can  find 
the  hour  angle  by  Art.  12,  and  hence  also  the  clock  correction. 

TIME   OF  BlSUrO  AND  SETTING  OF  THE  STARS. 

158.  To  find  the  time  of  true  rising  or  setting, — that  is,  the  instant 
when  the  star  is  in  the  true  horizon, — ^we  have  only  to  compute 
the  hour  angle  by  the  formula  (28) 

cost  =  —  tan  9  tan  d 

and  then  deduce  the  local  time  by  Art.  55. 

154.  To  find  the  time  of  apparent  rising  or  setting, — ^that  is,  the 
instant  when  the  star  appears  on  the  horizon  of  the  observer, — ^we 
must  allow  for  the  horizontal  refraction.  Denoting  this  refraction 
by  r^,  the  true  zenith  distance  of  the  star  at  the  time  of  apparent 
rising  or  setting  is  90®  +  r^  and,  employing  this  value  for  {;,  we 
compute  the  hour  angle  by  (267). 

Since  the  altitude  k  =  90°  —  Z,  we  have  in  this  case  h  =  —  r^ 
with  which  we  can  compute  the  hour  angle  by  the  formula  (268). 

In  common  life,  by  the  time  of  sunrise  or  sunset  is  meant  the 
instant  when  the  sun's  upper  limb  appears  in  the  horizon.  The 
true  zenith  distance  of  the  centre  is,  then,  ^  =  90°  +  r^  —  ;r  +  S 
(where  t:  =  the  horizontal  parallax  and  8  =  the  semidiameter), 
with  which  we  compute  the  hour  angle  as  before.  The  same 
form  is  to  be  used  for  the  moon. 

TIME  OF  THE  BEGINNING  AND  ENDING  OF  TWILIGHT. 

155.  Twilight  begins  in  the  morning  or  ends  in  the  evening 
when  the  sun  is  18°  below  the  horizon,  and  consequently  the 
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zenith  distance  is  then  {;  =  90^  +  18°,  or  A  =  —  18®,  with  which 
we  can  find  the  hour  angle  by  (267)  or  (268). 

NoTB. — Methods  of  finding  at  onoe  both  the  time  and  the  latitude  f^om  obsenred 
ftltitndes  wiU  be  treated  of  under  Latitude,  in  the  next  chapter. 

FINDIKQ  THE  TIME  AT   SEA. 

First  Method, — By  a  Single  Altitude. 

156.  This  is  the  most  common  method  among  navigators,  as 
altitades  from  the  sea  horizon  are  observed  with  the  greatest 
fia.cility  with  the  sextant.  Denoting  the  observed  altitude  cor- 
irected  for  the  index  error  of  the  sextant  by  f  ,  the  dip  of  the 
horizon  by  2),  we  have  the  apparent  altitude  h'  =  H  —  D;  then, 
taking  the  refraction  r  for  the  argument  A',  the  true  altitude  of  a 
star  is  A  =  A'  —  r.  A  planet  is  observed  by  bringing  the  esti-* 
mated  centre  of  its  reflected  image  upon  the  horizon,  so  that  no 
correction  for  the  semidiameter  is  employed;  the  parallax  is  com* 
puted  by  the  simple  formula  {n  being  the  horizontal  parallax) 

jp  =  jr  cos  A' 

and  hence  for  a  planet 

h  =zh'  —  r  +  w  cos  A' 

The  moon  and  sun  are  observed  by  bringing  the  reflected 
image  of  either  the  upper  or  the  lower  limb  to  touch  the  horizon. 
As  very  great  precision  is  neither  possible  nor  neeessarj'-  in  these 
observations,  the  compression  of  the  earth  is  neglected,  and  the 
parallax  is  computed  by  the  formula 

^  =  Tf  cos  (A'  —  r) 
and  then,  S  being  the  semidiameter, 

A  =  A'  —  r  +  TT  cos  (A'  —  r)  ±  S 

In  nautical  works,  the  whole  correction  of  the  moon's  altitude 
for  parallax  and  refraction  =  it  cos  (A'  —  r)  —  r  is  given  in  a  table 
with  the  arguments  apparent  altitude  (A')  and  horizontal  parallax 
(;r).  In  the  construction  of  this  table  the  mean  refraction  is  used, 
but  the  corrections  for  the  barometer  and  thermometer  are  given 
in  a  very  simple  table,  although  they  are  not  usually  of  sufficient 
importance  to  be  regarded  in  correcting  altitudes  of  the  moon 
which  are  taken  to  determine  the  local  tmie. 
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The  hour  angle  is  usually  found  by  (268). 

It  is  important  at  sea,  where  the  latitude  is  always  in  some 
degree  uncertain,  to  iind  the  time  by  altitudes  near  the  prime 
vertical,  where  the  error  of  latitude  has  little  or  no  effect 
(Art,  149). 

157.  The  instant  when  the  sun's  li.mb  touches  the  sea  horizon 
may  be  observed,  instead  of  measuring  an  altitude  with  the  sex- 
tant. In  this  case  the  refraction  should  be  taken  for  the  zenith 
distance  90°  +  2),  but,  on  account  of  the  uncertainty  in  the  hori- 
zontal refraction,  great  precision  is  not  to  be  expected,  and  the 
mean  horizontal  refraction  r^  may  be  used.  We  then  have 
{;  =  90°  +  Z)  +  r„  —  ;r  =b  S,  i^Hth  which  we  proceed  by  (267).  In 
so  rude  a  method,  tt  may  be  neglected,  and  we  may  take  16'  as 
the  mean  value  of  S^  86'  as  the  value  of  r^,  4'  as  the  average 
value  of  -D  from  the  deck  of  most  vessels ;  then  for  the  lower 
limb  we  have  C  =  90°  66',  and  for  the  upper  limb  C  =  90°  24'.  If 
both  limbs  have  been  observed  and  the  mean  of  the  times  ia 
taken,  the  corresponding  hour  angle  will  be  found  by  taking 
f  ==  90°  40'. 

Second  Method. — By  Equal  Altitudes. 

158.  The  method  of  equal  altitudes  as  explained  in  Arts.  189 
and  140  may  be  applied  at  sea  by  introducing  a  correction  for 
the  ship's  change  of  place  between  the  two  observations.  If, 
however,  the  ship  sails  due  east  or  west  between  the  observa- 
tions, and  thus  without  changing  her  latitude,  no  correction  for 
lier  change  of  place  is  necessary,  for  the  middle  time  will  evi- 
dently correspond  to  the  instant  of  transit  of  the  star  over  the 
niiddle  meridian  between  the  two  meridians  on  which  the  equal 
altitudes  are  observed.  But,  if  the  ship  changes  her  latitude, 
let 

A^  =  the  increase  of  latitude  at  the  second  observation; 
then  (Art.  149)  the  effect  upon  the  second  hour  angle  is 


At  = 


15  cos  f>  tan  A 


which  is  the  correction  subtractive  from  the  second  observed 
time  to  reduce  it  to  that  which  would  have  been  observed  if  the 
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ship  had  not  changed  her  latitude  or  had  run  upon  a  parallel. 
Hence  J  a<  is  to  be  subtracted  from  the  mean  of  the  chrono- 
meter times  to  obtain  the  chronometer  time  of  the  star's  transit 
over  the  middle  meridian. 

In  this  formula  we  must  observe  the  sign  of  tan  A.  It  will 
be  more  convenient  in  practice  to  disregard  the  signs,  and  to 
apply  the  numerical  value  of  the  correction  to  the  middle  time 
according  to  the  following  simple  rule : — ^add  the  correction  when 
the  ship  has  receded  from  the  sun ;  subtract  it  when  the  ship  has 
approached  the  sun. 

The  azimuth  may  be  found  by  the  formula 

.     .       sin  t  cos  d 

em  A  = ; — 

cos  h 

in  which  for  t  we  take  one-half  the  elapsed  time. 

The  sun  being  the  only  object  which  is  employed  in  this  way, 
we  should  also  apply  the  equation  of  equal  altitudes,  Art.  140; 
but,  as  the  greatest  change  of  the  sun's  declination  in  one  hour 
is  about  1',  and  the  change  of  the  ship's  latitude  is  generally 
much  greater,  the  equation  is  commonly  neglected  as  relatively 
unimportant  in  a  method  which  at  sea  is  necessarily  but  ap- 
]proximate.  But,  if  required,  the  equation  may  be  computed 
and  applied  precisely  as  if  the  ship  had  been  at  rest. 

Example. — ^At  sea,  March  20,  1866,  the  latitude  at  noon  being 
89®  N.,  the  same  altitude  was  observed  A.M.  and  P.M.  as  fol- 
lows, by  a  chronometer  regulated  to  mean  Greenwich  time  : 

Obsd.^  80®    O'  A.M.  Chro.  time  =  11»  39*  33 

Index  corr.  —    2  P.M.      "        "      ==    6  20    17 

Dip  —   4  Elapsed  time  =  2^  =    6  40    44 

Eefraction  —    2  Middle  time           =    2  59    55 

Semidiam.  +  16  Chron.  correction  =     — -  2    12 

A  =  30     8         Green,  time   of) 9   *>?    43 

noon  j 

The  ship  changed  her  latitude  between  the  two  observations 
by  Ayj  =  —  20'  =  -- 1200".  For  the  Greenwich  date  March 
20,  2*  58"*,  the  Ephemeris  gives  d  =  +  0^  4',  and  we  have  t  =5 
8*  20*  22*  =  60°  6'  80",  y  =  89°  0'.    Hence 
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log  sin  t   9.8848  log  ^^       8.5229 

log  cos  S  0.0000  log  Af      8.0792 

log  sec  h  0.0631  log  sec  ^  0.1095 

log  sin  A  9.9479  log  cot  A  9.7165 

log26'.8    1.4281 

The  ship  has  approached  the  sun,  and  hence  26'.8  must  be  sub- 
tracted from  the  middle  time. 

If  we  wish  to  apply  the  equation  of  equal  altitudes,  we  have 
further  from  the  Ephemeris  a'^  =  +  59'',  and  hence,  by  Art, 

140, 

log  A       n9.4628  log  £  9.2698 

logA'a       1.7709  logA'a  1.7709 

log  tan  ^  9.9084  log  tan  d  7.0658 

6f  =  —  13'.9  log  a  nl.l421  6  =  +  O-.O  log  6  8.1065 

Hence  we  have 

Chro.  middle  time  =  2*  59*  55*. 

Corr.  for  change  of  lat.  =  —  26 .8 
Equation  of  eq.  alts.  =  —  13.9 
Chro.  time  app.  noon      =  2  59    14 .3 

At  sea,  instead  of  using  the  observation  to  find  the  chrono- 
meter correction,  we  use  it  to  determine  the  ship's  longitude  (as 
will  be  fully  shown  hereafter) ;  arid  therefore,  to  carry  the  opera- 
tion out  to  the  end,  we  shall  have 

Chro.  time  app.  noon  =    2*  59*  14* 

Corr.  of  chronom.  =  —     2    12 

Green,  mean  time  noon  =    2  57      2 

Equation  of  time  =  —     7    48 


Greenwich  app.  time  at  the  local  noon  ==    2  49    14 

which  is  the  longitude  of  the  middle  meridian,  or  the  longitude 
of  the  ship  at  noon. 

159.  In  low  latitudes  (as  within  the  tropics)  observations  for 
the  time  may  be  taken  when  the  sun  is  very  near  the  meridian, 
for  the  condition  that  the  sun  should  be  near  the  prime  vertical 
may  then  be  satisfied  within  a  few  minutes  of  noon ;  and  in  case 
the  ship's  latitude  is  exactly  equal  to  the  declination,  it  will  be 
satisfied  only  when  the  sun  is  on  the  meridian  in  the  zenith.  In 
such  cases  the  two  equal  altitudes  may  be  observed  within  a  few 
minutes  of  each  other,  and  all  corrections,  whether  for  change 
of  latitude  or  change  of  declinfttion,  may  be  disregarded. 
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CHAPTER  VL 

FINDING  THE  LATITUDE  BY  ASTBON(MIICAL  OBSERVATIONS. 

160.  By  the  definitioii,  Art.  7,  the  latitude  of  a  place  on  the 
surface  of  the  earth  is  the  declination  of  the  zenith.  It  was  also 
shown  in  Art.  8  to  be  equal  to  the  altitude  of  the  north  pole  above 
the  horizon  of  the  place.  In  adopting  the  latter  definition,  it  is 
to  be  remembered  that  a  depression  below  the  horizon  is  a 
negative  altitude,  and  that  south  latitude  is  negative.  The 
south  latitude  of  a  place,  considered  numerically,  or  without 
r^^rd  to  its  algebraic  sign,  is  equal  to  the  elevation  of  the 
south  pole. 

It  is  to  be  remembered,  also,  that  the  latitude  thus  defined  is 
not  an  angle  at  the  centre  of  the  earth  measured  by  an  arc  of 
the  meridian,  as  it  would  be  if  the  earth  were  a  sphere ;  but  it 
is  the  angle  which  the  vertical  line  at  the  place  makes  with  the 
plane  of  the  equator.  Art.  81. 

We  have  seen.  Art.  86,  that  there  are  abnormal  deviations  of 
the  plumb  line,  which  make  it  necessary  to  distinguish  between 
the  geodetic  and  the  astronomical  latitude.  We  shall  here  treat  ex- 
clusively of  the  methods  of  determining  the  astronomical  lati' 
tude;  for  this  depends  only  upon  the  actual  position  of  the 
plumb  line,  and  is  merely  the  declination  of  that  point  of  the 
heavens  towards  which  the  plumb  line  is  directed. 

MRST  METHOD. — BY  MERIDIAN  ALTITUDES  OR  ZENITH   DISTANCES. 

161.  Let  the  altitude  or  zenith  distance  of  a  star  of  known 
declination  be  observed  at  the  instant  when  it  is  on  the  meridian. 
Deduce  the  true  geocentric  zenith  distance  ^,  and  let  d  be  the 
geocentric  declination,  f  the  astronomical  latitude. 

Let  the  celestial  sphere  be  projected  on  the  plane  of  the 
meridian,  and  let  ZNZ\  Fig.  24,  be  the  celestial  meridian:  C 
the  centre  of  the  sphere  coincident  with  that  of  the  earth:  PCP' 
the  axis  of  the  sphere;  P  the  north  pole;  and  ECQ  the  projection 
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of  the  plane  of  the  equinoctial.  Let  CZ  be  parallel  to  the 
vertical  line  of  the  observer ;  then  the  point  Z  of  the  celestial 
sphere,  being  the  vanishing  point  of  all 
lines  parallel  to  CZ,  is  the  astronomical 
zenith  of  the  observer,  and  ZE=^  the  astro- 
nomical latitude  =  ip.  If,  then,  A  is  the 
position  of  the  star  on  the  meridian,  north 
of  the  equator  but  south  of  the  zenith,  we 
have  ZA  =  {*,  AE  =  8y  and  hence 

^=a-fC  (277) 

This  equation  may  be  treated  as  entirely  general  by  attending 
to  the  signs  of  d  and  {*.  Since  in  deducing  it  we  supposed  the 
star  to  be  north  of  the  equator,  it  holds  for  the  case  where  it  is 
south  by  giving  the  declination  in  that  case  the  negative  sign, 
according  to  the  established  practice;  and,  since  we  supposed 
the  star  to  be  south  of  the  zenith,  the  equation  will  hold  for  the 
case  where  it  is  north  of  the  zenith  by  giving  ^  in  that  case  the 
negative  sign.  If  the  star  is  so  far  north  of  the  zenith  as  to  be 
below  the  pole,  or  at  its  lower  culmination,  the  equation  will 
still  hold,  provided  we  still  understand  by  8  the  star's  distance 
north  of  the  equator,  measured  from  E  through  the  zenith  and 
elevated  polcj  or  the  arc  EA'.  This  arc  is  the  supplement  of  the 
declination;  and  we  may  here  remark  that,  in  general,  any 
formula  deduced  for  the  case  of  a  star  above  the  pole  will 
apply  to  the  case  where  it  is  below  the  pole  by  employing  the 
supplement  of  the  declination  instead  of  the  declination  itself; 
that  is,  by  reckoning  the  declination  over  the  pole. 

The  case  of  a  star  below  the  pole  is,  however,  usually  con- 
sidered under  the  following  simple  form.    Put 

P  =  PA'  =  the  star's  polar  distance, 
h  =  NA  =  '<      true  altitude, 

then 

^  =  P  +  A  (278) 

in  which  for  south  latitude  P  must  be  the  star's  south  polar  dis- 
tance, and  the  sum  of  P  and  h  is  only  the  numerical  value  of  (p. 

The  declination  is  to  bo  found  for  the  instant  of  the  meridian 
transit  by  Art.  60  or  62. 

In  the  observatoiT*  instruments  are  employed  which  give 
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directly  the  zenith  distance,  or  its  supplement,  the  nadir  distance. 
With  a  meridian  circle  perfectly  adjusted  in  the  meridian^  the 
instant  of  transit  would  be  known  without  reference  to  the 
clock,  and  the  observation  would  be  made  at  the  instant  the 
star  passed  the  middle  thread  of  the  reticule ;  but  when  the  in- 
strument is  not  exactly  in  the  meridian,  or  when  the  observation 
is  not  made  on  the  middle  thread,  the  observed  zenith  distance 
must  be  reduced  to  the  meridian,  for  which  see  Vol.  11.,  Meridian 
Circle. 

With  the  sextant  or  other  portable  instruments  the  meridian 
altitude  of  a  fixed  star  may  be  distinguished  as  the  greatest 
altitude,  and  no  reference  to  the  time  is  necessary.  But,  as  the 
sun,  moon,  and  planets  constantly  change  their  declination, 
their  greatest  altitudes  may  be  reached  either  before  or  after  the 
meridian  passage  ;*  and  in  order  to  observe  a  strictly  meridian 
altitude  the  clock  time  of  transit  must  be  previously  computed 
and  the  altitude  observed  at  that  time. 

ExAMPLB  1.— On  March  1, 1856,  in  Long.  10*  5"*  32*  E.,  suppose 
the  apparent  meridian  altitude  of  the  sun's  lower  limb,  north  of 
the  zenith,  is  68°  49'  50",  Barom.  80.  in.,  Ext.  Therm.  50°;  what 
is  the  latitude  ? 

App.  zen.  dist  Q_  =  26°  W  10". 
r  =  +  28  .7 
p  =  —  8  .8 
S=  +  16  10  .3 
C  ==  —  26  26  45  .2 
d  =  -^  7  83  5  .8 
^  =  —  83    59  51  .0 

Example  2. — July  20,  1856,  suppose  that  at  a  certain  place 
the  true  zenith  distances  of  a  AquUce  south  of  the  zenith,  and 
a  Oephd  north  of  the  zenith,  have  been  obtained  as  follows : 

a  Aquilm  a  Cephei 

C  =  +  26°  34'  27".5  C  =  —  26°  54'  28".3 

d  ==  +    8    29  22  .7  ^  =  +  61    58  21  .1 

^  =  -f  35      3  50  .2  5P  =  4-  35     3  52  .8 

The  mean  latitude  obtained  by  the  two  stars  is,  therefore, 
jp  =  +  350  8'  61".5.    In  this  example,  the  stars  being  at  nearly 

*  See  Art.  172  for  the  method  of  finding  the  time  of  the  8un*B  greatest  altitude, 
which  maj  also  be  need  for  the  moon  or  a  planet. 
Vol.  L— 16 
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the  same  zenith  distance,  but  on  opposite  sides  of  the  zenith,  any 
constant  though  unknown  error  of  the  instrument,  peculiar  to 
that  zenith  distance,  is  eliminated  in  taking  the  mean.  Thus, 
if  the  zenith  distance  in  both  cases  had  been  10"  greater,  we 
should  have  found  from  a  AquilcB  <p  =  85°  4'  0''.2,  but  from 
a  Cephd  y>  =  85°  8'  42''.8,  but  the  mean  would  still  be  j?  =  86°  8' 
61''.5. 

It  is  evident,  also,  that  errors  in  the  refraction,  whether  due  to 
the  tables  or  to  constant  errors  of  the  barometer  and  thermos 
meter,  or  to  any  peculiar  state  of  the  air  common  to  the  two 
observations,  are  nearly  or  quite  eliminated  by  thus  combining  a 
pair  of  stars  the  mean  of  whose  declinations  is  nearly  equal  to 
the  declination  of  the  zenith.  The  advantages  of  such  a  com- 
bination do  not  end  here.  K  we  select  the  two  stars  so  that  tho 
difference  of  their  zenith  distances  is  so  small  that  it  may  be 
measured  with  a  micrometer  attached  to  a  telescope  which  is  so 
mounted  that  it  may  be  successively  directed  upon  the  two  stars 
without  disturbing  the  angle  which  it  makes  with  the  vertical 
line,  we  can  dispense  altogether  with  a  graduated  circle,  or,  at 
least,  the  result  obtained  will  be  altogether  independent  of  its 
indications.  For,  let  f  and  f '  be  the  zenith  distances,  i  and  ^' 
the  declinations  of  the  two  stars,  the  second  of  which  is  north  of 
the  zenith ;  then,  if  f^'  denotes  only  the  numerical  value  of  the 
zenith  distance,  we  have 

9  =  ^  +C 

the  mean  of  which  is 

^  =  }(a  +  0  +  J(C-0  (279) 

so  that  the  result  depends  only  upon  the  given  declinations  and 
the  observed  difference  of  zenith  distance  which  is  measured  with 
the  micrometer.  Such  is  the  simple  principle  of  the  method  first 
introduced  by  Captain  Talcott,  and  now  extensively  used  in  this 
country.  To  give  it  full  effect,  the  instrument  formerly  known 
as  the  Zenith  Telescope  in  England  has  received  several  important 
modifications  from  our  Coast  Survey.  It  will  be  fully  treated  of, 
in  its  present  improved  form,  in  Vol.  II.,  where  also  will  be 
found  a  discussion  of  Talcott's  method  in  all  its  details. 

162.  Meridian  altitudes  of  a  circumpolar  star  observed  both  above 
and  below  the  pole. — ^Every  star  whose  distance  from  the  elevated 


MERIDIAN  ALTITUDES.  227 

pole  is  less  than  the  latitude  may  be  observed  at  both  its  upper 
and  lower  cubninations.     If  we  put 

h  =  the  true  altitude  at  the  upper  culmination, 
Aj=       «  "  ''       lower  " 

p  =  the  star's  polar  distance  at  the  upper  culmination, 
p^=       u  ii  u  a       lower  « 

we  have,  evidently, 

^  ==  A  — p 

the  mean  of  which  is 

f  =  J(^  +  M  +  Ki>i~i>)  (280) 

whence  it  appears  that  by  this  method  the  absolute  values  of  p 
andpi  are  not  required,  but  only  their  difference  p^ — p.  The 
change  of  a  star's  declination  by  precession  and  nutation  is  so 
small  in  12*  as  usually  to  be  neglected,  but  for  extreme  precision 
ought  to  be  allowed  for.  This  method,  then,  is  firee  from  any 
error  in  the  declination  of  the  star,  and  is,  therefore,  employed 
in  all  fixed  observatories. 

Example. — ^With  the  meridian  circle  of  the  Naval  Academy 
the  upper  and  lower  transits  of  Polaris  were  observed  in  1858 
Sept.  15  and  16,  and  the  altitudes  deduced  were  as  below: 

Upper  Transit.  Lower  Transit. 

Sept.  16,  App.  alt.  40o28'26".42  Sept.  16,  37«81'89".76 

Barom.      80.006  -v  Barom.        80.146 -v 

Att.Therm.66o.2  [Ref.         1    6.84  Att.  Therm.  76o     [fief.  112.46 

Ext.    "         68  .8  )  Ext.    "         74  .6  J 

A  =  40  27  19  .08 
/>  =   1  28  26  .04 

^=88  68  63  '04 

Mean  ^  =  88  68  68  .11 

In  order  to  compare  the  results,  each  observation  is  carried 
out  separately.    By  (280)  we  should  have 

i  (A  +  A,)  =  38^  58'  53".20 

9>  ==  38    58  53  .11 
This  method  is  still  subject  to  the  whole  error  in  the  refraction, 


87 

1 

80  27 
28  26 

.81 

.86 

^  = 

88  68  68 
"    "   68 

.17 
.04 
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which,  however,  in  the  present  state  of  the  tables,  will  usually  be 
very  small. 

If  the  latitude  is  greater  than  45°,  and  the  star's  declination 
less  than  45°,  the  upper  transit'  occurs  on  the  opposite  side  of  the 
zenith  from  the  pole.  In  that  case  h  must  still  represent  the 
distance  of  the  star  from  the  point  of  the  horizon  below  the  pole, 
and  will  exceed  90°.  Thus,  among  the  Greenwich  observations 
we  find 

1887  June  14,  Capella  A,  =  7°  18'  7".94 
h  =  95  39  7  .91 
^  =  51    28  37  .93 

168.  Meridian  zenith  distances  of  the  sun  observed  near  the  svmmer 
and  winter  solstices. — ^When  the  place  of  observation  is  near  the 
equator,  the  lower  culminations  of  stars  can  no  longer  be  ob- 
served, and,  consequently,  the  method  of  the  preceding  article 
cannot  be  used.  The  latitude  found  from  stars  observed  at  their 
upper  culminations  only  is  dependent  upon  the  tabular  declina- 
tion,  and  is,  therefore,  subject  to  the  error  of  this  declination.  If, 
therefore,  an  observatory  is  established  on  or  near  the  equator, 
and  its  latitude  is  to  be  fixed  independently  of  observations  made 
at  other  places,  the  meridian  zenith  distances  of  stars  cannot  be 
employed.  The  only  independent  method  is  then  by  meridian 
observations  of  the  sun  near  the  solstices. 

Let  us  at  first  suppose  that  the  observations  can  be  obtained 
exactly  at  the  solstice,  and  the  obliquity  (c)  of  the  ecliptic  is 
constant.  The  declination  of  the  sun  at  the  summer  solstice  is 
=  +  e,  and  at  the  winter  solstice  it  is  =  —  e ;  hence,  from  the 
meridian  zenith  distances  (^  and  Z'  observed  at  these  times,  we 
should  have 

?>  =  :'  —  « 

the  mean  of  which  is 

a  result  dependent  only  upon  the  data  furnished  by  the  observa- 
tions. 

Now,  the  sun  will  not,  in  general,  pass  the  meridian  of  the 
observer  at  the  instant  of  the  solstice,  or  when  the  declination  is 
at  its  maximum  value  e ;  nor  is  the  obliquity  of  the  ecliptic  con- 
stant. But  the  charges  of  the  declination  near  the  solstices  are 
very  small,  and  hence  are  very  accurately  obtained  from  the 
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solar  tables  (or  from  the  Ephemeris  which  is  based  on  these 
tables)^  notwithstanding  small  errors  in  the  absolute  value  of  the 
obliquity.  The  small  change  in  the  obliquity  between  two 
solstices  is  also  very  accurately  known.  If  then  Ae  is  the  un- 
known correction  of  the  tabular  obliquity,  and  the  tabular  values 
at  the  two  solstices  are  e  and  e\  the  true  values  are  e  +  ^9^^  and 
€'  +  Ae ;  and  if  the  tabular  declinations  at  two  observations  near 
the  solstices  are  e  —  z  and  —  (e'  —  a:'),  the  true  declinations  will 
be  ^  =  €  +  Ae  — ■  X  and  d'  =  —  (e'  +  Ae  -—  a:'),  and  by  the  formula 
ip  =  Z  +  dwe  shall  have  for  the  two  observations 

^  mean  of  which  is 

^  = }(:  +  CO  +  Ke  - e')  - Ka:  -a/) 

a  result  which  depends  upon  the  small  changes  e  —  e'  and  z  —  x', 
both  of  which  are  accurately  known. 

It  is  plain  that,  instead  of  computing  these  changes  directly,  it 
suffices  to  deduce  the  latitude  from  a  number  of  observation^ 
near  each  solstice  by  employing  the  apparent  declinations  of  the 
Bolar  tables  or  the  Ephemeris ;  then,  if  f'  is  the  mean  value  of 
the  latitude  found  from  all  the  observations  at  the  northern 
solstice,  and  f>'^  the  mean  from  all  at  the  southern  solstice,  the 
true  latitude  will  be 

Every  observation  should  be  the  mean  of  the  observed  zenith 
distances  of  both  the  upper  and  the  lower  limb  of  the  sun,  in 
order  to  be  independent  of  the  tabular  semidiameter  and  to 
eliminate  errors  of  observation  as  far  as  possible. 

SECOND   METHOD. — ^BY  A  SINGLE   ALTITUDE  AT  A   GIVEN  TIME. 

164.  At  the  instant  when  the  altitude  is  observed,  the  time  is 
noted  by  the  clock.  The  clock  correction  being  known,  w^e  find 
the  true  local  time,  and  hence  the  star's  hour  angle,  by  the 
formula 

f  =  e  —  a 

in  which  0  is  the  sidereal  time  and  a  the  star's  right  ascension. 
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If  the  flun  is  observed,  t  is  simply  the  apparent  solar  time.    We 
have,  then,  by  the  first  equation  of  (14), 

sin  ^  sin  ^  -J-  cos  ^  cos  d  cos  f  =  sin  A 

in  which  f  is  the  only  unknown  quantity.     To  determine  it, 
assume  d  and  JD  to  satisfy  the  conditions 

d  sin  D  =  sin  ^ 

dcosD  =  cos  d  cos  t 

then  the  above  equation  becomes 

d  cos  (f  —  D)  =  sin  h 

which  determines  y>  —  2),  and  hence  also  y.     For  practical  con- 
venience, however,  put 

then,  by  eliminating  rf,  the  solution  may  be  put  under  the  follow^, 
ing  form : 

tan  D  =  tan  ^  sec  f  \ 

cos   ^^  =r  sin  A  sin  D  cosec  d  >    (281) 

The  first  of  these  equations  fully  determines  2),  which  will  be 
taken  numerically  less  than  90°,  positive  or  negative  according 
to  the  sign  of  its  tangent  As  i  should  always  be  less  than  90°, 
or  6*,  2)  will  have  the  same  sign  as  3. 

The  second  equation  is  indeterminate  as  to  the  sign  of  7^, 
since  the  cosine  of  +  /*  and  —  y  are  the  same.  Hence  we 
obtain  by  the  third  equation  two  values  of  the  latitude.  Only 
one  of  these  values,  however,  is  admissible  when  the  other  is 
numerically  greater  than  90°,  which  is  the  maximum  limit  of 
latitudes.  When  both  values  are  within  the  limits  +  90°  and 
—  90°,  the  true  solution  is  to  be  distinguished  as  that  which 
agrees  best  with  the  approximate  latitude,  which  is  always  sufli- 
ciently  well  known  for  this  purpose,  except  in  some  peculiar 
cases  at  sea. 

ExAMPLB  1.— 1856  March  27,  in  the  assumed  latitude  28°  S. 
and  longitude  43°  14'  W.,  the  double  altitude  of  the  sun's  lower 
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limb  observed  with  the  sextant  and  artificial  horizon  was  114*^ 
40'  30"  at  4*  21"'  16*  by  a  Greenwich  Chronometer,  which  wab 
fast  2*  80*.  Lidex  Correction  of  Sextant  =  ~  1'  12",  Barom. 
29.72  inches,  Att  Therm.  61^  P.,  Ext  Therm.  61°  F.  Required 
the  true  latitude. 


Sextant  reading  =  114*>  40^  30" 
Index  corr.          ==    —     1  12 

Chronometer            4*  21*  15* 
Correction              —     2  30 

114   39  18 

Gr.  date,  March  27,  4  18  45 

App.  alt.  Q         =    57    19  89 
Semidiameter     =    +    16    3 
Bef.  andpar.       =    —         31 

Longitude         =    2  52  56 
Local  mean  t.    =    1  25  49 
Eq.  of  time        =  —     5  19 

A  =    57   35  11 

a  =  +2   51  30 

App.  time,  *       =    1  20  30 
=  20^  r  30" 

log  sec  t      0.027360 
log  tan  d      8.698351 

■ 

log  tan  D    8.725711 
D=+  3^2' 38" 

log  coseo  d  1.302190 
log  sin  D     8.725098 
log  sin  h      9.926445 

r=      25  58  49 
2>  — 7'  =  SP  =  — 22  56  11 

log  cos  r      9.953733 

Example  2. — 1856  Aug.  22;  suppose  the  true  altitude  of 
Fomalhavi  is  found  to  be  29°  10'  0"  when  the  local  sidereal  time 
is  21*  49*  44';  what  is  the  latitude  ? 

We  have  a  =  22* 49-  44%  whence  f  ==  — 1»  0«  0';  ^  =  —  30<>  22'  47".5 ; 
J)=  —  31°  15'  13",  y'  =  ±:  60°  0'  6",  ^  =  +  28°  44'  53".  The  nega- 
tive  value  of  y  here  gives  <p  =  —  91°  15'  19" ;  which  is  inadmissible. 

165.  The  observation  of  equal  altitudes  east  and  west  of  the 
meridian  may  be  used  not  only  for  determining  the  time  (Art. 
139),  but  also  the  latitude.  For  the  half  elapsed  sidereal  time 
between  two  such  altitudes  of  a  fixed  star  is  at  once  the  hour 
angle  required  in  the  method  of  the  preceding  article.  When 
the  sun  is  used  in  this  way,  the  half  difterence  between  the 
apparent  times  of  the  observations  is  the  hour  angle,  and  the 
declination  must  be  taken  for  noon,  or  more  strictly  for  the 
mean  of  the  times  of  observation.  By  thus  employing  the 
mean  of  the  A.M.  aiad  P.M.  hour  angles  and  the  mean  of  the 
corresponding  declinations,  we  obtain  sensibly  the  same  result 
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as  by  computing  each  observation  separately  with  its  proper 
hour  angle  and  declination  and  then  taking  the  mean  of  the 
two  resulting  latitudes;  and  an  error  in  the  clock  correction 
does  not  aftect  the  final  result.  The  clock  rate,  however,  must 
be  known,  as  it  affects  the  elapsed  interval.     See  also  Art  182. 

166.  Effect  of  errors  in  the  data  upon  the  kUitude  computed  from  an 
observed  altitude. — ^Prom  the  first  of  the  equations  (51)  we  find 

.  dZ  sin  q  COB  d   ,^    ,    cos  J 

dtp  = J ' — -i —  at  -A J-  ad 

^        cos  A  QOsA  '  cos  A 

or,  since  h  =  90°  —  Zydh  =  —  d(^^  and  sin  q  cos  d  =  cos  j?  sin  -4, 

^^  =  —  QecA.dh  —  cos  ^  ia,n  A. dt  +  cos  q  McA.dd 

whence  it  appears  that  errors  of  altitude  and  time  will  have  the 
least  effect  when  jI  =  0  or  180°,  that  is,  when  the  observation  is 
in  the  meridian,  and  the  greatest  effect  when  the  observation  is 
on  the  prime  vertical.  If  the  same  star  is  observed  on  both 
sides  of  the  meridian  and  at  equal  distances  from  it,  the  coefii- 
cient  of  dt  will  have  opposite  signs  at  the  two  observations,  and 
hence  a  small  error  in  the  time  will  be  wholly  eliminated  by 
taking  the  mean  of  the  values  of  the  latitude  found  from  two 
such  observations.  It  is  advisable,  therefore,  in  taking  a  series 
of  observations,  to  distribute  them  symmetrically  with  respect  to 
the  meridian.  When  they  are  all  taken  very  near  to  the  meri- 
dian, a  special  method  of  reduction  is  used,  which  will  be 
treated  of  below  as  our  Third  Method  of  finding  the  latitude. 

The  sign  of  sec  A  is  difterent  for  stars  north  and  south  of 
the  zenith :  hence  errors  of  altitude  will  be  at  least  partially 
eliminated  by  taking  the  mean  of  the  results  found  from  stars 
near  the  meridian,  both  north  and  south  of  the  zenith.  A 
constant  error  of  the  instrument  may  thus  be  wholly  eliminated. 

As  for  the  effect  of  the  error  dd,  its  coeflicient  is  zero  only 
when  q  =  90°  and  sec  A  is  not  infinite.  This  occurs  when  a 
pircumpolar  star  is  observed  at  its  elongation,  where  we  have. 
Art.  18, 

-  COB  <p 


l/[8in  (^  +  f>)  sin  (d  —  ^)] 


which  shows  that  sec  A  diminishes  as  d  increases.    In  order, 
therefore,  to  reduce  the  eftect  of  an  error  in  the  declijiation 
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at  the  same  time  with  that  of  errors  of  altitude  and  time,  we 
should  select  a  star  as  near  the  pole  as  possible,  and  observe  it 
at  or  near  its  greatest  elongation,  on  either  side  of  the  meridian. 
The  proximity  of  the  star  to  the  pole  enables  us  to  facilitate  the 
reduction  of  a  series  of  observations,  and  we  shall  therefore 
treat  specially  of  this  case  as  our  Fourth  Method  below. 

167.  When  several  altitudes  not  very  far  from  the  meridian  are 
observed  in  succession,  if  we  wish  to  use  their  mean  as  a  single 
altitude,  the  correction  for  second  difterences  (Art.  151)  must  be 
applied.  It  is,  however,  preferable  to  incur  the  labor  of  a  sepa- 
rate reduction  of  each  altitude,  as  we  shall  then  be  able  to  com- 
pare the  several  results,  and  to  discuss  the  probable  errors  of  the 
observations  and  of  the  final  mean.  When  the  observations  are 
very  near  to  the  meridian,  this  separate  reduction  is  readily 
eftected,  with  but  little  additional  labor,  by  the  following  method: 

THIRD  METHOD. — BT   REDUCTION   TO   THE   MERIDIAN   WHEN   THE 
TIME   IS   aiVEN. 

168.  To  reduce  an  altitude^  observed  at  a  given  timey  to  the  meridian, — 
This  is  done  in  various  ways. 

(A.)  If  in  the  formula,  employed  in  Art.  164, 

sin  f  sin  ^  -f-  cos  ^  cos  d  cos  t  =  sinh 
^•e  substitute 

cos  f  =  1  —  2  Bin* }  t 
it  becomes 

Bin  {p  sin  ^  -{-  cos  f  cos  ^  —  2  cos  f>  cos  d  sin'  }  ^  =  sin  A 
But 

sin  ^  sin  ^  +  cos  f  cos  d  =  cos  (jp  —  d)  or  cos  (d  —  ^) 

Hence,  if  we  put 

Cj  =  ^  -—  ^,         or  Ci  =  ^  -—  f> 
"^^  above  equation  may  be  written 

COB  Ci  =  Bin  A  4-  cos  ^  cos  ^  (2  sin* }  f)  (282) 

If  the  star  does  not  change  its  declination,  ^^  is  the  zenith 
ee  of  the  star  at  its  meridian  passage ;  and,  being  found  by 
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this  equation,  we  then  have  the  latitude  as  from  a  meridian 
observation  by  the  formula 

according  as  the  zenith  is  north  or  south  of  the  star. 

When  the  star  changes  its  declination,  this  method  still  holds 
if  we  take  3  for  the  time  of  observatioUj  as  is  evident  from  our 
formulte,  in  which  d  is  the  declination  at  the  instant  when  the 
true  altitude  is  h. 

To  compute  the  second  member,  a  previous  knowledge  of  the 
latitude  is  necessary.  As  the  term  cos  f  cos  d  (2  sin'  \  t)  de- 
creases with  ty  if  the  observations  are  not  too  far  from  the 
meridian,  the  error  produced  by  using  an  approximate  value  of 
<p  will  be  relatively  small,  so  that  the  latitude  found  will  be  a 
closer  approximation  than  the  assumed  one ;  and  if  the  computa^ 
tion  be  repeated  with  the  new  value,  a  still  closer  approximation 
may  be  made,  and  so  on  until  the  exact  value  is  found. 

This  method  is  only  convenient  where  the  computer  is  pro- 
vided with  a  table  of  natural  sines  and  cosines,  as  well  as  a  table 
of  log.  versed  sines,  or  the  logarithmic  values  of  2  sin*  \  U 

Example.— Same  as  Example  1,  Art.  164.  A  =  57^  86'  11", 
5  =  +  2°  51'  80",  ^  =  1*  20*  80*.    Approximate  value  of  ^  =  —  28^. 

log  (2  sin*  }  t)  8.785726 
log  cos  ^  9.964026 

nat.  Bin  h  0.844201  log  cos  d  9.999459 

nat.  no.      0.056132 log  8.749211 

nat.  cos  C,  0.900333 

C,  =  —  25°  47'  54"  (zenith  south  of  sun.) 

d   =+  2  51  80 

^  =  —  22  56  24 

differing  but  18"  from  the  true  value,  although  the  assumed 
latitude  was  in  error  nearly  4'.  Repeating  the  computation  with 
— 22°  56'  24"  as  the  approximate  latitude,  we  find  y) = — 22°  56'  11", 
exactly  as  in  Art.  164. 

169.  (B.)  We  may  also  compute  directly  the  reduction  of  the 
observed  altitude  to  the  meridian  altitude.    Putting 

h^  =  meridian  altitude  =  90°  —  d 
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the  formola  (282)  gives 

sin  h^  —  sin  A  =:  2  008  9>  COS  ^  sin*  i  t 

But  we  have 

sin  h^  —  sin  A  =  2  cos  }  (A^  +  A)  sin  }  (A^  —  A) 

and  hence 

cos  fp  cos  d  sin'  i  t 


sin  J(A,  — A)  = 


cos  }  (A^  +  A) 


(283) 


which  gives  the  difference  Aj  —  A,  or  the  correction  of  A  to  reduce 
it  to  A| ;  but  it  requires  in  the  second  member  an  approximate 
value  both  of  y  and  of  Ai,  the  latter  being  obtained  from  the 
assumed  value  of  y  by  the  equation  A^  =  90**  —  (f  —  8);  or,  if 
the  zenith  is  south  of  the  star,  by  the  equation  h^  =  90°  —  (^  —  y>). 

Example. — Same  as  the  above. 


Approz. 


8  = 

2°  51'  8(r 

log  sin' }  t             8.484696 

f  =- 

-28  00  00 

log  cos  f>               9.964026 

C,  = 

25  51  80 

log  cos  8                9.999459 

A.= 

64     8  80 

log  sec  }  (A,  +  A)  0.312573 

K)  = 

60  51  50 

log  sin  i  (A,  —  A)  8.760754 

h  = 

6  36  83 

h  = 

67  85  11 

8  =        2°  51'  80" 

A,= 

64  11  44 

Ci=  — 25  48  16 
f  =  —  22   66  46 

J(A,  +  A)  = 
A,  — A  = 


This  method  does  not  approximate  so  rapidly  as  the  preceding, 
but  the  objection  is  of  little  weight  when  the  observations  are 
very  near  the  meridian.  On  the  other  hand,  it  has  the  great 
advantage  of  not  requiring  the  use  of  the  table  of  natural  sines. 

170.  (C.)  Circummeridian  altitudes. — ^When  a  number  of  altitudes 
are  observed  very  near  the  meridian,*  they  are  called  circum- 
meridian  altitudes.  Each  altitude  reduced  to  the  meridian  gives 
nearly  as  accurate  a  result  as  if  the  observation  were  taken  on  the 
meridian. 

An  approximate  method  of  reducing  such  observations  with 
the  greatest  ease  is  found  by  regarding  the  small  arc  }  (A^  --  A) 
as  sensibly  equal  to  its  sine ;  that  is,  by  putting 

Bin  }  (A,  ~  A)  =  J  (A,  —  A)  sin  1" 


*  How  near  to  the  meridian  wiU  be  determined  in  Art.  176. 
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and  taking  h^  for  i  (h^  +  A),  from  which  it  differs  very  little,  so 
that  (288)  may  be  put  under  the  form 

COS  Aj  sin  1" 

The  value  in  seconds  of 

2  sin'  i  t 


m  = 


sin  1" 


is  given  in  Table  V.  with  the  argument  L  I£  A',  A'',  A'",  &c.  are 
the  observed  altitudes  (corrected  for  refraction,  etc.);  t\  i*\  <"', 
&c.,  the  hour  angles  deduced  from  the  observed  clock  times; 
m',  m",  m'",  &c.,  the  values  of  m  from  the  table ;  and  we  put  the 
constant  factor 

. cos  f  cos  b cos  f  cos  H 

COB  A,  sin  C, 

we  have  A,  =  A'    +  Aitl 

\  =  A"  +  Am" 
A,  =  A'"  +  iim'" 
&c. 


(286) 


and  the  mean  of  all  these  equations  gives 

A'  +  A"  +  A"^  +  etc.   ,     .  m'  +  m"  +  m"^  +  Ac. 
n  n 

In  which  n  is  the  number  of  observations ;  or 

Aj  =  A,  +  Am^  (286) 

in  which  h^  denotes  the  mean  of  the  observed  altitudes  corrected 
for  refraction,  &c.,  and  m^  the  mean  of  the  values  of  m. 

When  A^  has  been  thus  found,  the  latitude  is  deduced  as  from 
any  meridian  altitude,  only  observing  that  for  the  sun  the  de- 
clination to  be  used  is  that  which  corresponds  to  the  mean  of 
the  times  of  observation,  as  has  already  been  remarked  in  Art 
168. 

Example. — ^At  the  U-  8.  Naval  Academy,  1849  June  22,  cir- 
cummeridian  altitudes  of  j9  TJrme  Mmoris  were  observed  with  a 
Troughton  sextant  from  an  artificial  horizon,  as  in  the  following 
table.     The  times  were  noted  by  a  sidereal  chronometer  which 
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was  fast  1"  45'.7.  The  index  correction  of  the  sextant  was 
—  14'  68",  Barometer,  80.81  inches,  Att.  Therm.  66°  F.,  Ext 
Therm.  64°  F. 

The  right  ascension  of  the  star  was  14*  61*  14*.0 
Chronometer  fast  +1    45  .7 

Chronometer  time  of  star's  transit     14  52   59 .7 

The  hour  angles  in  the  column  i  are  found  hy  taking  the  differ, 
ence  between  each  observed  chronometer  time  and  this  chro- 
nometer time  of  transit. 


2  Alt.  ^ 

Chronom. 

t 

m 

loso  sy  nor 

14*  46«  47'. 

7- 12'.7 

102.1 

89  60 

47      1. 

6    68.7 

70.2 

40  40 

48    64.6 

4     6.2 

82.8 

41    0 

61    29.6 

1    80.2 

4.4 

41    0 

64    86.6 

1    86.8 

6.1 

40  80 

66    22. 

8    22.8 

22.8 

40  20 

67    48. 

4    48.8 

48.8 

40    0 

58    47.6 

6    47.8 

66.0 

40    0 

16     0    17.6 

7    17.8 

104.6 

89  20 

2    10. 

9    10.8 

166.1 

Mean  108  40  14 

mo=^   61.68 

id.  corr.     —  14  68 

108  26  16 

Assumed  ^  = 

880  69'  0" 

54   12  88 

«J  = 

74 

46  86.9 

Eefr.              —  42  .0 

Approx.  Ci  = 

86 

47  86  .9 

log  cos  ^      9.8906 

Am^                -f  21  .6 

log  COB  6      9.4193 

Aj  =       64   12  17  .6 

logcosecCi  0.2829 

Ci  =r  —  86  47  42  .6 

log  A           9.5428 

6  =       74   46  86  .9 

log  m^           1.7898 

^  =       88   68  64  .4 

log  Am^        1.3826 

Rbmabk  1. — The  reduction  Aj  —  A  increases  as  the  denominator 
of  A  decreases,  that  is,  as  the  meridian  zenith  distance  decreases. 
The  preceding  method,  therefore,  as  it  supposes  the  reduction  to 
be  small,  should  not  be  employed  when  the  star  passes  very  near 
flie  zenith,  unless  at  the  same  time  the  observations  are  restricted 
to  very  small  hour  angles.  It  can  be  shown,  however,  from  the 
more  complete  formulss  to  be  given  presently,  that  so  long  as 
the  zenith  distance  is  not  less  than  10°,  the  reduction  computed 
by  this  method  may  amount  to  4'  80"  without  being  in  error 
more  than  1" ;  and  this  degree  of  accuracy  suffices  for  even  the 
best  observations  made  with  the  sextant. 
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Remark  2.— If  in  (284)  we  put  sin  J  <  =  V  sin  1".  t  {t  being  in 
seconds  of  time),  we  have 

-       -        cos  ^  cos  *    225    .    -„  ^,        .,  .„o.. 

Ai  —  A  = ^ sm  l".t*  ==  at*  (287) 

^  cosAj  2  ^      ^ 

in  which  a  denotes  the  product  of  all  the  constant  factors.  It 
follows  from  this  formula  that  near  the  meridian  the  altitude  varies 
as  the  square  of  the  hour  angUy  and  not  simply  in  proportion  to  the 
time.  Hence  it  is  that  near  the  meridian  we  cannot  reduce  a 
number  of  altitudes  by  taking  their  mean  to  correspond  to  the 
mean  of  the  times,  as  is  done  (in  most  cases  without  sensible 
error)  when  the  observations  are  remote  from  the  meridian. 
The  method  of  reduction  above  exemplified  amounts  to  separ 
rately  reducing  each  altitude  and  then  taking  the  mean  of  all 
the  results. 

171.  (D.)  Grcummeridian  altitudes  more  accurately  reduced. — The 
small  correction  which  the  preceding  method  requires  will  be 
obtained  by  developing  into  series  the  rigorous  equation  (282). 
This  equation,  when  we  put  ^  =  90°  —  A  =  true  zenith  distance 
deduced  from  the  observation,  may  be  put  under  the  form 

cos  C  =  cos  Ci  —  2  cos  f  cos  d  sin' }  t 

which  developed  in  series*  gives,  neglecting  sixth  and  higher 
powers  of  sin  \  ty 

*  If  we  put  y  =  2  cos  ^  oos  6  sin'  \  t,  the  equation  to  be  developed  is 

COS  C  =  cos  ^1  —  y  (a) 

in  which  Ci  is  constant  and  ^  may  be  regarded  as  a  ftinction  of  y ;  so  that  hj  Hao- 
lauun's  Theorem 

in  which  (/),  (  —  I  &c.  denote  the  values  otfy  and  its  differential  ooefficients  when 
y  =  0.    The  equation  (a)  gives,  by  differentiation, 


fy       sine 

rf«C  _      008  C    df cot  C 

^"'       sin»C  dy^      sin"  ^ 
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_  COB  y  COS  d  2  sin'  }  t      /  cob  y  cos  a\'  2  cot  Ct  sin*  j  t  .  gg 

'""  sine,      "^1"         \     sinCx      /  sin  1"  ^ 

By  this  formula,  first  given  by  Dblambrb,  the  reduction  to 
the  meridian  consists  of  two  terms,  the  first  of  which  is  the  same 
as  that  employed  in  the  preceding  method,  and  the  second  is  the 
small  correction  which  that  method  requires.  These  two  termo 
will  be  designated  as  the  "  Ist  Reduction"  and  "  2d  Reduction." 
Putting 

2  8inM^                                2  sin*}* 
m  = n  = 

sin  1"  bId  1" 

-  cos  y  cos  ^  „  Am        J,   m 

A  = B  =  A^  cot  Ci 

sin  Ci 
we  have 

:^  =  C  —  Am  +  Bn  (289) 

If  a  number  of  observations  are  taken,  we  have  a  number  of 
equations  of  this  form,  the  mean  of  which  will  be 

Ci  =  Co  —  Am^  +  Bn^ 

in  which  ^^  is  the  arithmetical  mean  of  the  observed  zenith  dis- 
tances, m^  and  n^  the  arithmetical  means  of  the  values  of  m  and 
n  corresponding  to  the  values  of  L    The  values  of  n  are  also 
given  in  Table  V. 
Having  found  {^j,  we  have  the  latitude,  as  before,  by  the  formula 

f  =  ^  +  C, 

in  which  we  must  give  Z^  the  negative  sign  when  the  zenith  is 
south  of  the  star,  and  it  must  be  remembered  that  for  the  sun 
(or  any  object  whose  proper  motion  is  sensible)  d  must  be  the 
mean  of  the  declinations  belonging  to  the  several  observations, 

Bat  when  y  =  0  we  have,  by  (a),  ^  =  fj,  so  that  (6)  becomes 

y         y»  cot  r.  «• 

C  =  Ci  +  -:^  -  T-—^  +  i  ( 1  +  3  cot«  C, )  -^  -  &c.  (c) 

Bestoring  the  yalue  of  y,  this  gives  the  deyelopment  used  in  the  text,  observing  that 
as  ^  and  ^|  are  supposed  to  be  in  seconds  of  arc,  the  terms  of  the  series  are  divided 
by  sin  1"  to  reduce  them  to  the  same  unit. 
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or,  which  is  the  same,  the  declination  corresponding  to  the  mean 
of  the  times  of  observation.* 

Finally,  if  the  star  is  near  the  meridian  below  the  pole,  the 
hour  angles  should  be  reckoned  from  the  instant  of  the  lower 
transit.    Recurring  to  the  formula 

cos  C  =  sin  f  sin  ^  -)-  cos  f  cos  d  cos  t 

in  which  t  is  the  hour  angle  reckoned  from  the  upper  transit, 

we  observe  that  if  this  angle  is  reckoned  from  the  lower  transit 

we  must  put  180°  —  i  instead  of  i,  or  —  cos  t  for  -|-  cos  U  and  then 

we  have 

cos  C  =  sin  f  sia  d  —  cos  ^  cos  d  cost 

and,  substituting  as  before, 

cos  t  =  1  —  2  sin"  }  t 
this  gives 

cos  C  =  —  cos  (f  +  ^)  +  2  cos  f  cos  ^  sin" }  t 

or,  since  for  lower  culminations  we  have  {^^  =  180°  —  {p  +  S) 
and  cos  Ci  =  ~  ^^^  iv  +  ^)> 

cos  C  =  cos  C4  +  2  cos  f  cos  d  sin"} < 
which  developed  gives 


Ci=c  +  -nrT n-nr  + 


cos ^ cos d    2  sin"  }  ^       /cos  9?  cos  d\"  2ootr|6in*H 
or 


(cos  9P  cos  ^\" 
sin  Ci      / 


sin  d  sin  1"         \      sin  Ci      /  sin  1" 


:^  =  :  +  Am  +  Bn  (sub  polo)  (290) 

which  is  computed  by  the  same  table,  but  both  first  and  second 
reductions  here  have  the  same  sign. 

If  a  star  is  observed  with  a  sidereal  chronometer  the  daily 
rate  of  which  is  so  small  as  to  be  insensible  during  the  time  of 

*  To  show  that  the  mean  declination  is  to  be  used,  we  may  observe  that  for  each 
observation  we  have  put  ^^  =  ^  —  6,  and  that  if  &,  &*,  &c.,  a.'  o  the  seyeral  declina- 
tions, the  several  equations  of  the  form  (289)  wUl  give 

^  =  <5'  +  C'  —  iim'  +  A*  cot  Ci  n' 
^  =  d"  -f  ^'  —  Am'f  4-  A*  cot  C,  »" 
&c., 
the  mean  of  which,  if  d  =  mean  of  6%  6*\  &c.,  will  be 

*  =  <J  +  Co  —  ^««o  +  ^'  cot  fi  fi^  =  d  4   Ci 
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the  observations,  the  hour  angles  i  are  found  by  merely  taking 
the  difference  between  each  noted  time  and  the  chronometer 
time  of  the  star's  transit,  as  in  the  example  of  Article  170.  But 
if  we  wish  to  take  account  of  the  rate  of  the  chronometer,  it  can 
be  done  without  separately  correcting  each  hour  angle,  as  fot 
lows:  Let  dThe  the  rate  of  the  chronometer  in  24*  (dT being 
positive  for  losing  rate.  Art  187);  then,  if  Ms  the  hour  angle 
^ven  directly  by  the  chronometer,  and  t'  the  true  hour  angle, 
we  have 

f  it  =  24»:  24»—  ^r=  86400' : 86400*  —  ar 
whence 


I        86400j 


Instead  of  sin  J<  we  must  use  sin  ^t';  for  which  we  shall  havei 
with  all  requisite  precision. 

Bin  if  =  sin  J  ^4  or  sin«  K  =  sin»  J  ^  (- )* 
Hence,  if  we  put 

k  =  \ 


we  shall  have 


L        86400j 


.  ,    cos  0  cos  d  2  sm*  }  t 

Am  =  k ^ 7-777- 

sm  Ci  Bm  1" 


so  that  if  we  compute  A  by  the  formula 

- ,    cos  f  cos  3 

"^  sin  Cj 

we  can  take  m  =  — : — -77-  for  the  actual  chronometer  intervals, 
sm  1" 

and  no  fiirther  attention  to  the  rate  is  required. 

The  factor  k  can  be  given  in  a  small  table  with  the  argument 
**rate,"  in  connection  with  the  table  for  m,  as  in  our  Table  V. 

If  a  star  is  observed  with  a  mean  time  chronometer,  the  inter- 
vals are  not  only  to  be  corrected  for  rate,  but  also  to  be  reduced 

Vol.  L— 16 
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from  mean  to  sidereal  intervals  by  multiplying  them  by  /i  == 
1.00278791  (Art.  49) ;  bo  that  for  sin*  ^  t  we  must  substitute  *  sin* 
(i-A'Oj  ^^5  'wiiii  sufficient  precision,  k/j?  sin'  ^  t. 

If  the  sun  is  observed  with  a  mean  time  chronometer,  the  in- 
tervals are  both  to  be  corrected  for  rate  and  reduced  from  mean 
solar  to  apparent  solar  intervals.  The  mean  interval  differs 
from  the  apparent  only  by  the  change  in  the  equation  of  time 
during  the  interval,  and  this  change  may  be  combined  with  the 
rate  of  the  chronometer.  Denoting  by  dU  the  increase  of  the 
equation  of  time  in  24*  (remembering  that  J^  is  to  be  regarded 
as  positive  when  it  is  additive  to  apparent  time),  and  by  dTthe 
rate  of  the  chronometer  on  mean  time,  we  may  regard  3T  —  dU 
as  the  rate  of  the  chronometer  on  apparent  time.  Instead  of 
the  factor  k  we  shall  then  have  a  factor  A',  which  is  to  be  found 
by  the  formula 


I  6T—6E  I 

L    ~     86400    J 


which  may  be  taken  from  the  table  for  k  by  taking  iT—3Ens 
the  argument. 
Finally,  if  the  sun  is  observed  with  a  sidereal  chronometer, 

we  must  multiply  sin*  1 1  not  only  by  A'  but  by  -;. 

Denoting  /j?  by  i  and  -^  by  i',  these  rules  may  be  collected,  for 
the  convenience  of  reference,  as  follows: 

Star  by  sidereal  chron.,      A=k ^ 

sm  Ci 

Star  by  mean  time  chron.,il=  A:i.5^?^^^^[logi=0.002875] 

sm  Ct 

(2917 

a        u  X-  v  A         7J  cos  9»  COS  a 

Sun  by  mean  time  ohron.,  A  =k r 

sm  Cj 

Sun  by  sidereal  chron.,       A  =  A:'i'^.5^?^^pogi'=9.997625]  I 

sm  Cj  ' 

for  which  log  k  will  be  taken  from  Table  V.  with  the  argument 
rate  of  the  chronometer  =  8T;  and  log  A'  from  the  same  table 
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with  the  argnment  dT  —  3JE=  daily  rate  of  the  chronometer 
diminished  by  the  daily  increase  of  the  equation  of  time. 

Example. — 1856  March  15,  at  a  place  assumed  to  be  in  lati- 
tude 37^  49'  N.  and  longitude  122°  24'  W.,  suppose  the  fol- 
lowing zenith  distances  of  the  sun*s  lower  limb  to  have  been 
observed  with  an  Ertel  universal  instrument,*  Barom.  29.86 
inches,  Att.  Therm.  65°  F.,  Ext  Therm.  63°  F.  The  chrono- 
meter, regulated  to  the  local  mean  time,  was,  at  noon,  slow 
11*  20'.8,  with  a  daily  losing  rate  of  6'.6. 


Obs'd  len.  disk 

Chronoi 

Deter. 

t 

m 

n 

40»    8'40".7 

28*  37" 

'85'. 

-19-58'.8 

788".8 

1".49 

40     2  16  .5 

42 

8, 

—15   80.8 

472  .4 

0  .54 

89   57  28  .8 

46 

29.5 

—11     4.8 

240  .6 

0  .14 

89    54  17  .2 

50 

46.5 

—  6   47.3 

90  .5 

0  .02 

89    52  88  . 

55 

16. 

—  2   17.8 

10  .4 

0  .00 

89    62  84  .5 

0    0 

87.5 

+  8     8.7 

18  .4 

0.00 

89    54  28  .6 

5 

18. 

7    89.2 

115  .0 

0  .08 

89    58    9  .8 

9 

49.5 

12    15.7 

295.1 

0  .21 

40     8    0  .8 

14 

8. 

16   84.2 

538  .9 

0  .70 

40     9  86  . 

18 

81. 

20    57.2 

861  .4 

1  .80 

Means  39    59  18  .5  fo=  +   0    29.1  wio=342  .60no=0  .49 

The  equation  of  time  at  the  local  noon  being  +  8*  54*.6,  we 
have 

Mean  time  of  app.  noon  =  0*  S"*  54*.6 
Chronometer  slow  =      11    20 .8 

Chr.  time  of  app.  noon  =  23  67    33 .8 

The  difference  between  this  and  the  observed  chronometer 
times  gives  the  hour  angles  t  as  above. 

The  mean  of  the  hour  angles  being  +  29^.1,  the  declination  is 
to  be  taken  for  the  local  apparent  time  0*  0*  29^.1,  or  for  the 
Greenwich  mean  time  March  15,  8*  18"*  59*.7;  whence 

a  =  —   1°  48'  8".8 
(Approximate)  ^  =  -f  37   49  0  . 
"  C,=       39  37  8  .8 

The  increase  of  the  equation  of  time  in  24*  is  iE=  —  17'.4, 

*  See  VoL  II.,  Altitude  and  Azimuth  Instrument,  for  Uie  method  of  obserring  the 
leaith  disUneee. 
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and,  the  chronometer  rate  being  dT=  +  6*. 6,  we  have  ST—  8E 
=  +  24*.0,  with  which  as  the  argument  "rate"  in  Table  V.  we 
find  log  A'  =  0.00024. 

The  computation  of  the  latitude  is  now  carried  out  as  follows: 


log  COS  f 

9.89761 

Mean  observed  sen. 

dist.  Q  = 

890 

59'  18".5 

log  COS  d 

9.99979 

r-p  = 

+ 

41  .8 

log  coseo 

C,  0.19540 

log  A^         0.1861 

S  = 

— 

16    6  .5 

Jog  A' 

0.00024 

log  cot  C,     0.0821 

Am^  = 

— 

7    4  .4 

log^ 

0.09304 

log  B          0.2682 

Bnt  = 

+ 

0  .9 

logm. 

2.63479 

log  n,          9.6902 

c.= 

39 

36  50  .3 

logilm. 

2.62783 

log  £n,        9.9584 

d  = 

— 1 

48    8  .8 

^  =     37    48  41  .5 

The  assumed  value  of  ^  being  in  error,  the  value  of  A  is  not 
quite  correct;  but  a  repetition  of  the  computation  with  the  value 
of  f  just  found  does  not  in  this  case  change  the  result  so  much 
as  O'M. 

172.  (E.)  Gauss's  method  of  reducing  circummeridian  altitudes  of 
the  sun. — The  preceding  method  of  reduction  is  both  brief  and 
accurate,  and  the  latitude  found  is  the  mean  of  all  the  values 
that  would  be  found  by  reducing  each  observation  separately. 
This  separate  reduction,  however,  is  often  preferred,  notwith- 
standing the  increased  labor,  as  it  enables  us  to  compare  the 
observations  with  each  other,  and  to  discuss  the  probable  error 
of  the  final  result;  and  it  is  also  a  check  against  any  gross  error. 
But,  if  we  separately  reduce  the  observations  by  the  preceding 
method,  we  must  not  only  interpolate  the  refraction  for  each 
altitude,  but  also  the  declination  for  each  hour  angle.  Gauss 
proposed  a  method  by  which  the  latter  of  these  interpolations  is 
avoided.  He  showed  that  if  we  reckon  the  hour  angles,  not 
from  apparent  noon,  but  from  t?ie  instant  when  the  sun  reaches  its 
maximum  altitude^  we  can  compute  the  reduction  by  the  method 
above  given,  and  use  the  meridian  declination  for  all  the  observa- 
tions. This  method  is,  indeed,  not  quite  so  exact  as  the  preced- 
ing; but  I  shall  show  how  it  may  be  rendered  quite  perfect  in 
practice  by  the  introduction  of  a  small  correction. 

In  the  rigorous  formula 

cos  C  =  sin  o>  sin  d  -j-  cos  ^  cos  d  cost 
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8  is  the  declination  corresponding  to  the  hour  angle  t    If  then 

Ad  =  the  hourly  increase  of  the  declination,  positive  when 

the  sun  is  moving  northward, 
d^  =  the  declination  at  noon, 

and  if  Hs  expressed  in  seconds  of  time,  we  have 

t .  Ad 

where,  since  a^  never  exceeds  60",  x  will  not  exceed  80"  so  long 
as  t  <  30*.    Hence  we  may  substitute,  with  great  accuracy, 

sin  d  =  sin  d^  +  cos  d^  emx 
cos  d  =  cos  dj  —  sin  d^  sin  x 

and  the  above  formula  becomes 

cos  C  =  sin  f  sin  d^  -f-  ^^^  9  ^^^  ^i  ^^  ^  +  ^^^  (f  —  ^i)  ^  ^ 
+  2  cos  f  sin  dj  sin'  H  sin  a; 

The  last  term  is  extremely  small,  rarely  aflfecting  the  value  of  f 
by  as  much  as  O'M;  and  since  x  is  proportional  to  the  hour 
angle,  and  therefore  has  opposite  signs  for  observations  on  differ- 
ent sides  of  the  meridian,  the  effect  of  this  term  will  nearly  or 
quite  disappear  from  the  mean  of  a  series  of  observations  pro- 
perly distributed  before  and  after  the  meridian  passage.  Now, 
we  have 


iAdsinl"       --^   .    -,,      Ad 
sm  a:  = =  15  <  sm  1" ' 


Let 


8600  54000 

Ad       sin  (f  —  «,) 

Dill    V   ^^ 

then,  taking 

we  have 

sin X  =(sin  <  +  J  sin*  t)  sin  * 


sin  ^  = 

54000    cos  f  cos  dj 


15  t  sin  1"  =  sin  «  +  J  sin*  t 

cos  ^  cos  dj 


sin(^— dj 

and  the  formula  for  cos  f  becomes,  by  omitting  the  last  term, 

COB  C  =  sin  ^  sin  d^  -|-  cos  ^  cos  d^(co8 1  -{-  &int  sin  ^) 
+  }  cos  ^  cos  dj  sin*  t  sin  * 
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The  last  term  involving  sin'  t  multiplied  by  the  small  quantity 
sia  t?  is  even  less  than  the  term  above  rejected.  Like  that,  also, 
it  has  opposite  signs  for  observations  on  different  sides  of  the 
meridian,  and  will  not  aftect  the  mean  result  of  a  properly 
arranged  series  of  observations.  Rejecting  it,  therefore,  our  for- 
mula becomes 

cos  C  =  sin  ^  sin  d^  +  cos  ^  cos  d^  cos  (t  —  *) 
+  2  cos  f>  cos  d^  sin* }  d 

The  last  term  here  must  also  be  rejected  if  we  wish  to  obtain  the 
method  as  proposed  by  Gauss  ;  but,  as  it  is  always  a  positive 
term  and  affects  all  the  observations  alike,  I  shall  retain  it,  espe- 
cially as  it  can  be  taken  into  account  in  an  extremely  simple 
manner. 

The  maximum  value  of  cos  {^,  which  corresponds  to  the 
maximum  altitude,  is  given  immediately  by  the  above  formula 
by  putting  t  =  i?.  Hence  ^  is  the  hour  angle  of  the  maximum  altitude. 
Putting 

f=  t  —  » 
we  have 

cos  C  =  cos  (?»  —  ^j)  —  2  cos  f  cos  d^  sin" }  f 
+  2  cos  f  cos  d^  sin*  J  ^ 
Let 

^, cos  ^  cos  d^     2  sin' }  ^ 

sin  (f  —  d^)      sin  1" 

then  our  formula  becomes 

cos  C  =  cos  (f  —  d^)  —  2  cos  f  cos  d^  sin" }  f 

This  equation  is  of  the  same  form  as  that  from  which  (288)  was 
obtained,  and  therefore  when  developed  gives 

cos  y  cos  d^  2  sin*  j  f      /  cos  ^p  cos  d^  \'  2  cot  C,  sin* }  f 

'"■  sinCi  sinl"    "^l      sin  C^      /  sin  1" 

in  which  {^^  =  ^  —  i\    Putting  then,  as  before, 

^^cosj^cofl^        2?  =  A»cotC,  (292) 

sinCj 

and  taking  m  and  n  from  Table  V.,  or  their  logarithms  from 
Table  VI.,  with  the  argument  <',  which  is  the  hour  angle  reckoned 
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from  the  instant  the  sun  reaches  its  maximum  altitude^  we  have 

Cj  =  C  —  ilm  +  Bn  (293) 

Since  f  i  differs  from  the  latitude  by  the  constant  quantity  3\  its 
value  found  from  each  observation  should  be  the  same.  Taking 
its  mean  value,  we  have 

f  =  Ci  +  ^' 

The  angle  d,  being  very  small,  may  be  found  with  the  utmost 
precision  by  the  formula 

^  = ^ ^=  [9.40594]  ^  (294) 

810000  sin  1"   .1       *"  ^  A  ^ 

which  gives  d  in  seconds  of  the  chronometer  when  A  has  been 
computed  by  the  formula  (292). 

The  most  simple  method  of  finding  the  corrected  hour  angles 
t'  will  be  to  add  i?  to  the  chronometer  time  of  apparent  noon, 
and  then  take  the  difference  between  this  corrected  time  and 
each  observed  time. 

If  we  put  3'  =  3^+  y,  we  have 

2sin^ 
^  sinl"  ^      ^ 

which  requires  only  one  new  logarithm  to  be  taken,  namely,  the 
value  of  log  m  from  Table  VI.  with  the  argument  i?.  We  then 
We,  finally, 

f  =  Ci  +  ^1  +  y  (296) 

Example. — The  same  as  that  of  the  preceding  article.  We 
We  there  employed  the  assumed  latitude  37°  49' ;  but,  since  even 
^  rough  computation  of  two  or  three  observations  will  give  a 
bearer  value,  let  us  suppose  we  have  found  as  a  first  approxima- 
tion f  =  87©  48'  45".  With  this  and  the  meridian  declination 
*i  =  - 1°  48'  9".2,  and  log  A'  =  0.00024  as  before,  we  now  find, 
^7(292), 

log  A  =  0.09810  log  B  =  0.2688 

We  have  also  there  found  the  chronometer  time  of  apparent 
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noon  =  28*  67*  83*.8.  We  now  take  firom  the  Ephemeris  Ad  =• 
+  69".22,  and  hence,  by  (294), 

logA^  1.7725 

ar.  CO.  log  A  9.9069 

const,  log  9.4059 

*  =  +  12'.2  log  ^  1.0853 

Hence  the  chronometer  time  of  the  maximum  altitude  is 
28*  57-*  83'.8  +  12*.2  =  23*  57*  46',  which  gives  the  hour  angles 
V  aa  below : 


t  log  m  log  Am  log  n  log  Bn 

-20- 11'.  2.90274  2.99584  0.1900  0.4583 

15  43.  2.68558  2.77868  9.7657  0.0240 

11  16.5  2.39718  2.49028  9.1776  9.4459 

6  59.5  1.98216  2.07526  8.3487  8.6170 
^    2   80.  1.08891  1.18201 

+    2    51.5  1.20525  1.29835 

7  27.  2.03730  2.13040  8.4553  8.7236 

12  3.5  2.45551  2.54861  9-2955  9.5638 

16  22.  2.72077  2.81387  9.8260  0.0943 
20   45.  2.92677  3.01987  0.2381  0.5064 

The  refraction  may  be  computed  from  the  tables  first  for  a  mean 
zenith  distance,  and  then  with  its  variation  in  one  minute  (which 
will  be  found  with  sufficient  accuracy  from  the  table  of  mean 
refraction)  its  value  for  each  zenith  distance  is  readily  found. 
The  parallax,  which  is  here  sensibly  the  same  (=  5".54)  for  all 
the  observations,  is  subtracted  from  the  refraction,  and  the  results 
are  given  in  the  column  r — p  of  the  following  computation. 
The  numbers  in  the  8d  and  4th  columns  are  found  from  their 
logarithms  above;  and  the  last  column  contains  the  several 
values  of  the  minimum  zenith  distance  of  the  sun's  lower  limb, 
formed  by  adding  together  the  numbers  of  the  preceding  columns. 
To  the  mean  of  these  we  then  apply  the  sun's  semidiameter,  the 
meridian  declination,  and  the  correction  y,  which  are  all  constant 
for  the  whole  series  of  observations. 
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OWdc 
40»    8'40".7 

+  42".l      - 

-16'30".5 

Bn 
+  2".9 

89' 

C, 
'  52'  55".2 

40     2  16  .5 

41  .9 

10    0  .7 

1  .1 

58  .8 

39    57  28  .8 

41  .8 

5    9  .2 

0  .8 

61  .2 

89    54  17  .2 

41  .7 

1  58  .9 

0  ,0 

60  .0 

39    52  83  . 

41  .6 

0  15  .2 

0  .0 

59  .4 

89    52  84  .5 

41  .6 

0  19  .9 

0  .0 

56  .2 

89    54  28  .6 

41  .7 

2  15  .0 

0  .1 

55  .4 

89    58    9  .8 

41  .8 

5  53  .7 

0  .4 

58  .8 

40     8    0  .8 

41  .9 

10  51  .4 

1  .2 

52  .0 

40     9  86  . 

42  .1 

17  26  .8 

8  .2 

54  .5 

,      2  8in*i« 
^"«    Binl" 

(Lower  limb)  Mean  C,  = 
8  9090                     Semidiameter  :^ 

39 

52 
16 

48 

57  .10 
6  .49 
9  .20 

lOgil 

0.0981 

y  = 

+ 

0  .10 

logy 

9.0021 

9  = 

87 

48 

41  .51 

This  result  agrees  precisely  with  that  found  before.  If  we  suppose 
all  the  observations  to  be  of  the  same  weight,  we  can  now  deter- 
mine the  probable  error  of  observation.  Denoting  the  diflference 
between  each  value  of  ^^  and  the  mean  of  all  by  v,  and  the  sum 
of  the  squares  of  v  by  [vv],  according  to  the  notation  used  in  the 
method  of  least  squares^  we  have 


Mean  error  of  a  single  observa- 

A/n  — 1 
Mean  error  of  the  final  value  of 

l/lO 


n  =  10,  [iw]  =  74.92 

Probable  error  of  a  single  obs.  =  2".89  X  0.6745  =  1".95 
«  "     of  sp  =0  .91  X  0.6746  =  0  .61 

It  must  not  be  forgotten  that  the  probable  error  1".95  here 
represents  the  probable  error  of  observation  only :  a  constant  error 
of  the  instrument,  affecting  all  the  observations,  will  form  no 
part  of  this  error;  and  the  same  is  true  of  an  error  in  the 
refraction. 


9 

w 

—  1".9 

8.61 

+  1.7 

2.89 

+  4.1 

16.81 

+  2  .9 

8.41 

+  2  .8 

5.29 

—  0  .9 

.81 

—  1  .7 

2.89 

+  1.2 

1.44 

—  6  .1 

26.01 

—  2  .6 

6.76 
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178.  For  the  most  refined  determinations  of  the  latitude, 
standard  stars  are  to  be  preferred  to  the  sun.  Their  declinations 
are  somewhat  more  precisely  known ;  the  instrument  is  in  night 
observations  less  liable  to  the  errors  produced  by  changes  of 
temperature  during  the  observations;  constant  instrumental 
errors  and  errors  of  refraction  may  be  eliminated  to  a  great 
extent  by  combining  north  and  south  stars ;  or  errors  of  declinar 
tion  may  be  avoided  by  employing  only  circumpolar  stars  at  or 
near  their  upper  and  lower  culminations.  In  general,  errors  of 
circummeridian  altitudes  are  eliminated  under  the  same  condi- 
tions as  those  of  meridian  observations,  since  the  former  are 
reduced  to  the  meridian  with  the  greatest  precision.  See  the 
next  following  article. 

For  a  great  number  of  nice  determinations  of  the  latitude  by 
circummeridian  altitudes  of  stars  north  and  south  of  the  zenith 
and  of  circumpolar  stars,  see  Puissant,  NcuveUe  Description  Gio- 
mStrique  de  la  France. 

174.  Effect  of  errors  of  zenith  distmtce,  declination^  and  time^  upon 
the  latitude  found  by  circummeridian  altitudes. — ^Diflerentiating  (289), 
regarding  A  as  constant,  and  neglecting  the  variations  of  the 
last  term,  which  is  too  small  to  be  sensibly  affected  by  Bmall 
errors  of  /,  we  have,  since  df  =  dQ^  +  rf5, 

d9>  =  d:  +  dd-  -A^m  mdt) 

sin  1" 

The  errors  rff  and  d8  affect  the  resulting  latitude  by  their  whole 
amount.  The  coefficient  of  dt  has  opposite  signs  for  east  and 
west  hour  angles;  and  therefore,  if  the  observations  are  so  taken 
as  to  consist  of  a  number  of  pairs  of  equal  zenith  distances  east 
and  west  of  the  meridian,  a  small  constant  error  in  the  hour 
angles,  arising  from  an  imperfect  clock  correction,  will  be  elimi- 
nated in  the  mean.  This  condition  is  in  practice  nearly  satisfied 
when  the  same  number  of  observations  are  taken  on  each  side 
of  the  meridian,  the  intervals  of  time  between  the  successive 
observations  being  made  as  nearly  equal  as  practicable. 

An  error  in  the  assumed  latitude  which  affects  A  is  eliminated 
by  repeating  the  computation  with  the  latitude  found  by  the  first 
computation.  An  error  in  the  declination  which  would  affect  A 
is  not  to  be  supposed. 
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175.  To  deiermine  (he  Imits  within  which  the  preceding  methods  q/ 
reducing  circummeridian  altitudes  are  applicable. — First.  In  the 
method  of  Art  170  we  employ  only  the  "  first  reduction"  (=  Am)^ 
which  is  the  first  term  of  the  more  complete  reduction  expressed 
by  (288).  The  error  of  neglecting  the  "  second  reduction"  (=  Bn) 
increases  with  the  hour  angle,  and  if  this  method  is  to  be  used  it 
becomes  necessary  to  determine  the  value  of  the  hour  angle  at 
which  this  reduction  would  be  sensible.    We  have 

Bn  =  A*  cot  C, ^ 

'    BinT' 

whence  if  we  put  6  for  £n  and 

J?'=l/}flinr'tanCi 


we  derive 


Bin»Jif  =  — l/6  (298) 

A 


Since  Zi'^V  —  ^5  -^  ^^^  -^  ^^®  ^^*  functions  of  ^  and  d ;  and 
therefore  by  this  formula  we  can  compute  the  values  of  t  for 
any  assigned  value  of  6,  and  for  a  series  of  values  of  4p  and  d. 
Table  Vil.A  gives  the  values  of  t  in  minutes  computed  by  (298) 
when  6  =  1".  That  is,  calling  t^  the  tabular  hour  angle  and  i 
the  hour  angle  for  any  assigned  limit  of  error  b,  we  have 

sin*  Kj  =  —  sin*  }  <  =  sin" }  t^  \/b 

As  the  limits  are  not  required  with  great  precision,  we  may  sub- 
stitute for  the  last  equation  the  following : 

t  =  t,yb 

If  we  take  ft  =  0".l,  we  have  t^b  =  0.66,  or  nearly  J :  hence  the 
limiting  hour  angle  at  which  the  second  reduction  amounts  to  0".l  is 
aboid  J  the  angle  given  in  Table  VELA. 

Example. — ^How  far  from  the  meridian  may  the  observations 
in  the  example  p.  237  be  extended  before  the  error  of  the 
method  of  reduction  there  employed  amounts  to  1"?  With 
f=  +  39°,  d=  +  75°,   Table  Vn.A  gives  t^  =  30".     Hence 
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the  method  is  in  that  example  correct  within  1"  if  the  observa- 
tions are  taken  within  80*  of  the  meridian,  and  correct  within 
O'M  if  they  are  taken  within  15"  of  the  meridian. 

Second. — ^In  the  more  exact  methods  of  redaction  given  in 
Arts.  171  and  172,  we  have  neglected  the  last  term  of  the 
development  given  in  the  note  on  page  289,  which  may  be  called 
a  "  third  reduction."    Denoting  it  by  c,  we  have 

8  \       sin  1"       / 
whence,  if  we  put 


./   fsinr 
\l  +  3cot«Ci 
we  deduce 

sin«H  =  ^f/<?  (299) 

A 

Table  V11.B  gives  the  values  of  <,  computed  by  this  formula,  for 
c  =  1".    Denoting  the  tabular  value  of  t  by  t^,  we  have 

&in*it^  =  —  sin« }  t  ==  sin*  i  t^  l/c 

A 

or,  with  sufficient  accuracy  in  most  cases, 

t  =  t^t/c 

For  c  =  O'M  we  have  ^c  =  0.68,  or  nearly  J ;  and  hence  the 
limiting  hour  angle  at  which  the  third  reduction  (omitted  in  our 
most  exact  methods)  would  amount  to  O'M  is  about  J  the  angle 
given  in  Table  Vn.B. 

Example. — ^How  far  from  the  meridian  may  the  observations 
in  the  example  p.  243  be  extended  before  the  error  of  the 
method  of  reduction  there  employed  amounts  to  0".l  ?  With 
y  =  38°,  a  =  —  2°,  Table  Vn.B  gives  ^  =  39",  and  f  of  this 
is  t  =  26*:  so  that  the  method  is  in  that  example  correct  within 
1"  when  the  observations  are  taken  within  39*  of  the  meridian ; 
and  it  is  correct  within  0".l  when  the  observations  are  taken 
within  26*  of  the  meridian. 

The  limiting  hour  angle  for  a  given  limit  of  error  diminishes 
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rapidly  with  the  zenith  distance;  and  hence  in  general  very  small 
zenith  distances  are  to  be  avoided.  But  the  observations  may  be 
extended  somewhat  beyond  the  limits  of  our  tables,  since  the 
errors  which  affect  only  the  extreme  observations  are  reduced  in 
taking  the  mean  of  a  series. 

FOURTH   METHOD. — BY  THE   POLE   STAR. 

176.  The  latitude  may  be  deduced  with  accuracy  from  an  alti- 
tude of  the  pole  star  observed  at  any  time  whatever,  when  this 
time  is  known.  The  computation  may  be  performed  by  (281); 
but  when  a  number  of  successive  observations  are  to  be  reduced, 
the  following  methods  are  to  be  preferred.    If  we  put 

p  ==  the  star's  polar  distance^ 
we  have,  by  (14), 

sin  A  =  sin  ^  cos  p  -|-  cos  ^  sin  p  cos  t 

in  which  the  hour  angle  t  and  the  altitude  h  are  derived  from 
observation  and  ^  is  the  required  latitude.  Now,  p  being  small 
(at  present  less  than  1^  30'),  we  may  develop  f>  in  a  series  of 
ascending  powers  of  p,  and  then  employ  as  many  terms  as  we 
need  to  attain  any  given  degree  of  precision.  The  altitude 
cannot  differ  from  the  latitude  by  more  than  p:  ify  then,  we  put 

z  will  be  a  small  correction  of  the  same  order  of  magnitude  as  p. 
We  have* 

Bin  f»=  sin  (A  —  a:)  =  sin  A  — x  cos  A  —  J  re' sin  A  -j-  J  a:*  cos  A +  &c. 
cos  f>  =  cos  (A  —  x)  =  cos  A  +  a:  sin  A  —  J  x'  cos  A  —  J  a:*  sin  A  -f  Ac. 
%mp=p—lf+  &o. 
cos  J?  =  1  —  ^p^  +  *^- 

which  substituted  in  the  above  formula  for  sin  A  give 

sin  A= sin  A  —  xcosA  +  l^cosf  cosA  — ^(x*— 2xpco8f +|>»)8iD  A  +  ftc. 

and  from  this  we  obtain  the  following  general  expression  of  the 
correction : 

*P1.  Trig.  (408)  and  (406). 
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o:  =  I?  COS  f  —  ^  (ar*  —  2  ay  COB  ^  -f-  p*)  tan  A 
+  )  (^3c^  —  S X* p oo8t  +  S xp*— p^ cost) 
+  2^4  (^—4  oi^p  COS  f  +  6  x»|>«— 4  ay^cofl  t  +  p^)  tan  h 
—  &c.  (a) 

For  a  first  approximation^  we  take 

a:  =  |>co8t  (6) 

and,  substituting  this  in  the  second  term  of  (a),  we  find  for  a 
second  approximation,  neglecting  the  third  powers  of  p  and  x, 

a:  =  p  cos  f  —  Ip*  sin*  t  tan  h  (c) 

Substituting  this  value  in  the  second  and  third  terms  of  (a),  we 
find,  as  a  third  approximation, 

X  =  pcost  —  Ip^ sin* t  tan  h  -\-  ip^coBt  sin* t  (d) 

This  value,  substituted  in  the  second,  third,  and  fourth  terms  of 
(rt),  gives,  as  a  fourth  approximation, 

x  =  pcost  —  ip^  sin*  t  tan  A  +  ^  p*  cos  i  sin*  t  —  ||>*  sin*  t  tan*  h 
-f.  ji^  p*  (4  —  9  Bin*  t)  sin*  t  tan  h  (e) 

In  these  formula,  to  obtain  x  in  seconds  when  p  is  ^ven  in 
seconds,  we  must  multiply  the  terms  in  p^y  pP^  and  p*  by  sin  1", 
sin*  1",  sin*  1",  respectively. 

In  order  to  determine  the  relative  accuracy  of  these  formulae, 
let  us  examine  the  several  terms  of  the  last,  which  embraces  all 
the  others.  The  value  of  <,  which  makes  the  last  term  of  {e)  a 
maximum,  will  be  found  by  putting  the  differential  coefficient 
of  (4  —  9  sin' t)  sin' t  equal  to  zero ;  whence 

4  sin  ^  cos  f  (2  —  9  sin*  t)  =  Q 

which  is  satisfied  by  <  =  0,  <  =  90°,  or  sin' t  =  |,  the  last  of  which 
alone  makes  the  second  differential  coefficient  negative.  The 
maximum  value  of  the  term  is,  then,  ^  p^  sin'  1"  tan  A,  which 
for  p=V  80'  =  5400"  is  0".0018  tan  h.  This  can  amount  to 
0".01  only  when  h  is  nearly  80°, — ^that  is,  when  the  latitude  is 
nearly  80°.  This  term,  therefore,  is  wholly  inappreciable  in 
every  practical  case. 
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The  term  ip^  sin*  1"  sin^  <  tan*  A  is  a  maidinum  for  sin  t  =  1, 
in  which  case,  for  p  =  5400",  it  is  0".0121  tan'  h.  This  amounts 
to  O'M  when  h  =  64°,  and  to  1".  when  h  =  77°. 

For  the  maximum  of  the  term  J  p^  sin'  1"  cos  i  sin' t  we  have, 
by  putting  the  diflferential  coefficient  of  cos  i  sin' t  equal  to  zero, 

Bin  f  (2  —  3  Bin«  0  =  0 

which  gives  sin'  <  =  |,  and  consequently  cos  t  =  >/J ;  and  hence 
the  maximum  value  of  this  term  is  J^T'sin' 1"|/J  =  0".475. 
Since  the  maximum  values  of  this  and  the  following  terms  do 
not  occur  for  the  same  value  of  /,  their  aggregate  will  evidently 
never  amount  to  1"  in  any  practical  case. 
Hence,  io  find  the  latitude  by  the  pole  star  within  1",  we  have  the 

formula 

|P  =  A  — 1>  cos  f  +  i;?«  Bin  V  Bin»  t  tan  h  (800) 

The  hour  angle  <  is  to  be  deduced  from  the  sidereal  time  0 

of  the  observation  and  the  star's  right  ascension  a,  by  the 

formula 

t=  e  —  a 

To  facilitate  the  computation  of  the  formula  (800),  tables  are 
given  in  every  volume  of  the  British  Nautical  Almanac  and  the 
Berlin  Jahrbuch;  but  the  formula  is  so  simple  that  a  direct 
computation  consumes  very  little  more  time  than  the  use  of 
these  tables,  and  it  is  certainly  more  accurate. 

Example.— {From  the  Nautical  Almanac  for  1861). — On  March 
6, 1861,  in  Longitude  87°  W.,  at  7*  48"  85*  mean  time,  suppose 
the  altitude  of  Polaris^  when  corrected  for  the  error  of  the  in- 
Btrument,  refraction,  and  dip  of  the  horizon,  to  be  46°  17'  28" ; 
required  the  latitude. 


Kean  time 

7*  43-  35*. 

Sid.  time  mean  noon,  March  6, 

22  56   47.9 

Reduction  for  7*  43-  35* 

1    16.2 

Eeduotion  for  Long.  2*  28- 

24.3 

Sidereal  time 

e 

= 

6  42      3.4 

March6,;>  =  l«25'32".7 

a 

= 

1     7    39.0 

t 

= 

5  34    24.4 

= 

83^' 36'  6" 
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Hence,  by  formula  (800), 

logp  3.71085  logp^  7.4207 

log  cost        9.04704  log  sin*  t  9.9946 

log  Ist  term  2.75739  log  tan  h  0.0196 

log} sin  1"  4.3846 

h  =  46«  17'  28"  log  2d  term  1.8194 

Ist  term  =  —     9  82  .0 
2d     «      =  +     1     6  .0 

f»  =  46     9    2  .0 
By  the  Tables  in  the  Almanac,  ^  =  46"^  9^  V^ 

177.  If  we  take  all  the  terms  of  (e)  except  the  last,  which  we 
have  shown  to  be  insignificant,  we  have  the  formula 

f  =  ^  —  pcost  -\-  ip*  sin  1"  sin*  t  tan  h 

—  \f  8in«  1"  cos  t  8in»  ^  +  ii?*  sin«  1"  sin*  t  tan*  h       (301) 

which  is  exact  within  0''.01  for  all  latitudes  less  than  75*^,  and 
serves  for  the  reduction  of  the  most  refined  observations  with 
first-class  instruments. 

If  we  have  taken  a  number  of  altitudes  in  succession,  the 
separate  reduction  of  each  by  this  formula  will  be  very  laborious. 
To  facilitate  the  operation,  Petersen  has  computed  very  con- 
venient tables,  which  are  given  in  Schumacher's  Hulfstafeln^ 
edited  by  Warnstorpp.  These  tables  give  the  values  of  the 
following  quantities : 

a=p^coBt  -\-  IPq*  sin*  1"  cos  t  sin*  t 

jl  s^  I  p  (p*  — p^^  sin*  1"  cos  t  sin*  t 
ft  =  ip*  sin*  1"  sin*  t  tan*  h 

in  which  Po  ==  1°  80'  =  5400".    Then,  putting 

Po 

log  A  =  logp  —  8.7328988 
the  formula  (801)  becomes 

f  =  A  —  (^d  +  A)  +  ^*/9  tan  A  +  /» 
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Putting  then 


X  =  Aa  +  X 

y  =  il«/5  tan  A  +  At 
we  have 

f  =  A— ic  +  y 

or,  when  the  zenith  distance  f  is  observed, 


(302) 


}' 


a:  =  ila  +  il 

y  =  il«/9cotC  +  /t  V(303) 

90O  —  f  =  C  +  ar~y 

The  first  table  gives  a  with  the  argument  /;  the  second,  ^  with 
the  argument  t;  the  third,  X  with  the  arguments  p  and  t;  and 
the  fourth,  (i  with  the  arguments  y  and  f>,  ^  being  used  for  h  in 
Bo  small  a  term. 

To  reduce  a  series  of  altitudes  or  zenith  distances  by  these 
tables,  we  take  for  A  or  ^  the  mean  of  the  true  altitudes  or 
zenith  distances ;  for  a  and  /9  the  means  of  the  tabular  numbers 
corresponding  to  the  several  hour  angles,  with  which  we  find 
Aa  and  A^^  cot  ^.  The  mean  values  of  the  very  small  quanti- 
ties X  and  /i  are  sensibly  the  same  as  the  values  corresponding  to 
the  mean  of  the  hour  angles ;  so  that  X  is  taken  out  but  once  for 
the  arguments  polar  distance  and  mean  hour  angle,  and  fi  is 
taken  with  the  arguments  tp  and  the  approximate  value  of  y  = 
A}^  cot  Z.  Illustrative  examples  are  given  in  connection  with 
the  tables. 

FIFTH  METHOD. — BY  TWO  ALTITUDES  OP  THE  SAME  STAR,  OR  DIP. 
FERENT  STARS,  AND  THE  ELAPSED  TIME  BETWEEN  THE  OBSERVA- 
TIONS. 

178.  Let  S  and  8\  Fig.  25,  be  any  two  points  of  Fig.  25. 

the  celestial  sphere,  Z  the  zenith  of  the  observer, 
Pthe  pole.  Suppose  that  the  altitudes  of  stars  seen 
atSandiS',  either  at  the  same  time  or  different 
times,  are  observed,  and  that  the  observer  has  the 
means  of  determining  the  angle  SPS' ;  also  that 
the  right  ascensions  and  declinations  of  the  stars 
are  known.  From  these  data  we  can  find  both  the  latitude  and  the 
heal  time.  A  graphic  solution  (upon  an  artificial  globe)  is  indeed 
quite  simple,  and  it  will  throw  light  upon  the  analytic  solution. 
With  the  known  polar  distances  of  the  stars  and  the  angle  SPS'^ 

VoIm  L— 17 
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let  the  triangle  SPS^  be  constructed.  From  S  and  S^  as  poles 
describe  small  circles  whose  radii  (on  the  surface  of  the  sphere) 
are  the  given  zenith  distances  of  /Sand  5' :  these  small  circles  inter- 
sect in  the  zenith  i^  of  the  observer,  and,  consequently,  determine 
the  distance  PZj  or  the  co-latitude,  and  at  the  same  time  the  hour 
angles  ZPS  and  ZPS'y  from  either  of  which  with  the  star's  right 
ascension  we  deduce  the  local  time.  This  graphic  solution  shows 
clearly  that  the  problem  has,  in  general,  two  solutions ;  for  the 
small  circles  described  from  S  and  S^  as  poles  intersect  in  two 
points,  and  thus  determine  the  zenith  of  another  obseiTer  who 
at  the  same  instants  of  time  might  have  observed  the  same  alti- 
tudes of  the  same  stars.  The  analytic  solution  will,  therefore, 
also  give  two  values  of  the  latitude;  but  in  practice  the  ob- 
server always  has  an  approximate  knowledge  of  the  latitude, 
which  generally  suffices  to  distinguish  the  tr\ie  value. 

Let  us  consider  first  the  most  general  case. 

(A.)  Two  different  stars  observed  at  different  times. — ^Let 

h,  h!  =  the  true  altitudes,  corrected  for  reftraction,  Ao^, 
Ty  T'  =  the  clock  times  of  observation, 
A  jT,  A  jT'  =  the  corresponding  corrections  of  the  clock, 
4,  J  =z  the  right  ascensions,  and 
d,  d'  =  the  declinations  of  the  stars  a^  the  times  of  the 

observations  respectively, 
f,  f  =  the  hoar  angles  of  the  stars  at  the  times  of  the 
observations  respectively, 
jl  =  f  —  f  =  the  difference  of  the  hour  angles, 
f  =  the  latitude  of  the  observer : 

then  we  have,  if  the  clock  is  sidereal, 

f  =  r  +  aT  —  a 

X  ={T—  !r)  +  (Ar'—Ar)  — (•'  —  •)  (804) 

a  formula  which  does  not  require  a  knowledge  of  the  absolute 
values  of  a 2"  and  a 2"',  but  only  of  their  difference;  that  is,  of 
the  rate  of  the  clock  in  the  interval  between  the  two  obser- 
vations. 

»    If  the  clock  is  regulated  to  mean  time,  the  interval  T  —T+ 
A  T'  — A  7"  is  to  be  converted  into  a  sidereal  interval  by  adding 
the  acceleration,  Art.  49. 
We  have  next  to  obtain  formulae  for  determining  ip  and  i  or  <' 
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from  the  data  A,  k\  d^  d\  and  X.    I  shall  giye  two  general  solu- 
tions, the  first  of  which  is  the  one  commonly  known. 

Fir$i  SohUian. — ^Let  the  observed  points  S  and  5'  be  joined 
by  an  are  of  a  great  circle  SS\  In  the  triangle  PSS'  there  are 
given  the  sides  FS=  90°  —  *,  PS'  =  90°  —  3\  and  the  angle  5P5' 
=  Jiy  from  which  we  find  the  third  side  /SS'  =  -B,  and  the  angle 
PS'S=  P,  by  the  formute  [a  of  Art.  10] 

008  B  =:  Bin  d'  sin  d  *f  oos  a'  cot  d  cot  X 
mn  Bqoh  P  zs»  cos  d'  sin  d  —  sin  ^  cos  d  oos  A 
ain  jB  sin  P  :;^  cos  d  sin  it 

or,  adapted  for  logarithmic  computation, 

m  sin  M=  sin  d 

m  cos  Jf  =  cos  ^  cos  i 

cos  J?  =  m  cos  (Jf  —  d')  \    (305) 

sin  ^  cos  P  =  m  sin  (Jf  —  ^') 
sin  -B  sin  P  =  cos  ^  sin  X 

In  the  triangle  ZSSf'  there  are  now  known  the  three  sides 
ZS  =  90^  —  A,  ZS'  =  90°  -  A',  &S'  =  P,  and  hence  the  angle 
Z8'fif=  C  by  the  formula  employed  in  Art  22: 

^       y\  cos  A' sin  i?  I    ^      ^ 

Now,  putting 

j  =  P-$ 

there  are  known  in  the  triangle  PZS'  the  sides  PS^  =  90°  —  d\ 
Zg'agoo^A',  and  the  angle  PS'Z  =  q,  from  which  the  side 
?Z=  90°  —  f ,  and  the  angle  S'PZ=  i\  are  found  by  the  formula 

sin  f  =  sin  b*  sin  A'  -f-  cos  ^'  eos  A'  cos  j 
cos  f  cos  ^  =  cos  d'  sin  A'  —  sin  ^'  cos  A'  cos  ; 
cos  f  sin  ^  =  cos  A'  sin  q 

or,  adapted  for  logarithmic  computation, 

n  sin  JV  =  sii^  A' 

n  cos  J\r=  cos  A'  cos  j 
wn  f>  *=noos(JV^^')  )   (807) 

cos  f  cos  ^  =  n  sin  (iV—  a') 
Qos  f9  sin  C  =  cos  A'  sin  g 
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The  fonnute  (806)  and  (807)  leave  no  donbt  as  to  the  quadrant 
in  which  the  unknown  quantities  are  to  be  taken.  But  we  may 
take  the  radical  in  (806)  with  either  the  positive  or  the  negative 
sign,  and  J  Q^  therefore,  either  in  the  first  or  fourth  quadrant. 
If  we  take  ^  Q  always  in  the  first  quadrant,  the  values  of  q  will  be 

and  either  value  may  be  used  in  (807) ;  whence  two  values  of  f 
and  t\  That  value  of  f ,  however,  which  agrees  best  with  the 
known  approximate  latitude  is  to  be  taken  as  the  true  value. 
There  is  also  another  method  of  distinguishing  which  value  of  q 
will  give  the  true  solution ;  for,  if  J.'  and  A  are  the  azimuths  of 
S'  and  Sy  we  have  in  the  triangle  ZSS'  the  angle  SZS'  =  A'  —  A, 
and 

sm  Q  =  sm  (A'  — A) 

^  ^  sin  5 

in  which  cos  h  and  sin  B  are  always  positive.  Hence  Q  is  posi* 
tive  or  negative  according  as  -4'  —  J.  is  less  or  greater  than  180°. 
The  observer  will  generally  be  able  to  decide  this :  the  only  cases 
of  doubt  will  be  those  where  A'  and  A  are  very  nearly  equal  or 
where  A'  —  J.  is  very  nearly  180° ;  but,  as  we  shall  see  hereafter, 
these  cases  are  very  unfavorable  for  the  determination  of  the 
latitude,  and  are,  therefore,  always  to  be  avoided  in  practice 

If  the  great  circle  /SIS'  passes  north  of  the  zenith,  we  shall  have 
A'  —  A  negative,  or  greater  than  180° :  hence  we  have  also  this 
criterion :  we  must  take  q  =  P— Q&rq  =  P+  Q  according  as  the 
great  circle  SS^  passes  south  or  north  of  the  zenith. 

Second  Solution.— Bi&ect  the  arc  /SIS',  Fig.  26,  in  T;  join  PT 
and  ZTj  and  put 

C  =  ST=S'T, 

D  =  the  declination  of  T  =  90°  —  PT, 

S  =  the  altitude  of  T  =  90°  —  ZT^ 

T  =  the  hour  angle  of  T  =  ZPT^ 
P  =  the  angle  PTSj 
Q  =  the  angle  ZT8, 

q  r=  the  angle  PTZ, 

We  have  in  the  triangle  PSS^  [Sph.  Trig.  (25)] 

sin«C=  sin« K^  —  ^')  C08«H  +  eo8«J(^  +  ^0  8^'*  ^ 


BY  TWO  ALTITUDES.  261 

or,  adapted  for  logaritlimic  computation,  by  introducing  an 
auxiliary  angle  Ey 

sin  C%\n  E  =  sin  }  (^  —  6')  cos  }  >l  )     rSOS'i 

sin  Coos  JS?  =  cos  J  (d  +  d')  sin  }  A  J    ^      ^ 

In  the  triangle  SPT  we  have  the  angle  PTS=  P,  and  there- 
fore m  the  triangle  S'PTwe  have  the  angle  PTS'  =  180°  —  P, 
the  cosine  of  which  will  be  =  —  cos  P:  hence,  from  these 
triangles  we  have  the  equations 


whenue 


sin  i>  cos  (7  +  cos  D  sin  (7  cob  P  =  sin  i 
sin  J)  cos  C  —  cos  D  sin  C  cos  P  =  sin  3' 


2  sin  i>  cos  (7  =  sin  d  +  sin  d' 
2  cos  i>  sin  (7  cos  P  =  sin  d  —  sin  d' 


^^_sinK^  +  Oc08K^-O 
cos  (7 


coo  p  =,  ^^»  *  (^  +  ^')  ^^'^  *  (^  -  ^') 
cos  D  sin  C 


(309) 


which  determine  D  and  P  after  Chas  been  found  from  (808). 

In  precisely  the  same  manner  we  derive  from  the  triangles 
ZTS  and  ZTS'  the  equations 


om  J  ^  g^'^  Hft  +  y)  cos  }  (A  -  y) 
cos  (7 


cos  Jf  sin  (7 


(810) 


Then  in  the  triangle  PTZwe  have  the  angle  PTZj  by  the 
formula 

3  =  P-C 

fmd  hence  the  equations 

sin  f>  =  sin  i>  sin  JJ  -|-  cos  i>  cos  J?  cos  q 
cos  f9  cos  r  ==  cos  i>  sin  JT  —  sin  D  cos  JTcos  q 
cos  f  sin  r  =  cos  H  sin  jf 
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To  adapt  ttieee  for  logarithmic  computation,  let^  and  y  be  d6te^ 
mined  by  the  conditions* 


cos  i9  sin  y  ^=:  cos  J?  cos  ; 
cos  ^  cos  y  =  sin  Jff  ^    (311) 

siD  p  =  cos  jE  sin  q 


} 


then  f  and  r  are  found  by  the  equations 


1 


•  sin  f  =  cos  fi  sin  (2)  -f-  y) 
cos  ?>  cos  T  =  cos  /?  008  (D  +  ;^)  ^    (812) 

cos  f  sin  r  =  sin  fi 

To  find  the  hour  angles  t  and  /',  let 

then,  since  J  >l  =  ^  (<'—<),  we  have 

iX  +  x  =  T  —f=x the  angle  TPS; 
J  A  —  a;  =  t'  —  T  =  the  angle  TPS'^ 

and  from  the  triangles  PTS  and  PTS'  we  have 


8in(U  +  ar) 

sinP 

Bin  (1  ;i  — 

x)       sin  P 

sinC 

cos  d 

sinC 

eosd' 

whence 

Bin(J>l  + 

X)  —  sin  (}  X 

—  a:) cos  d' 

—  cos^ 

8in(J>l  + 

a:)  +  sin(i^. 

—  ar)       cosd' 

4-coBa 

and,  consequently, 

tan  re  =  1 

tan}(^+0 

tanl(a  — ^OtanM 

Hence, 

finally, 

(818) 


}    (814) 

As  in  the  first  solution,  the  value  of  q  will  become  =  P+  § 
when  the  arc  joining  the  observed  places  of  the  stars  passes  north 
of  the  zenith. 

Example. — ^1856  March  5,  in  the  assumed  Latitude  89^  17'  ISi 
and  Longitude  5*  6*  86*  W.,  suppose  the  following  altitudes 

*  The  equsiiMUi  (811)  mh  alwajs  be  aatistked,  einoe  the  tum  of  their  tquares  gWes 
the  identical  equstion  1  =s  1. 
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(already  corrected  for  refraction)  to  hav^  been  obtained;  the 
time  being  noted  by  a  mean  solar  chronometer  whose  daily  rate 
was  10*.  82  losing.  The  star  Arcturus  was  not  far  ttom  the  prime 
vertical  east  of  the  meridian ;  t^ica  was  near  the  meridian. 

Arcturus,  h  =      18*^    6'  30"  Chronometer  T  =   9*  40"  24-.8 

Spica,       A'  =      40     4  48  «  T  =  14  38   16.7 

T'—T=   4  57   61.9 
a  =  +  19^  5y  44".6  Corr.  for  rate      =        +2 .1 

a'  =  —  10    24  89  .5  Eed.  to  sid.  time  =        +48.9 

Sid.  interval        =    4  58  42.9 
a   =       14*    9-  6'.79  a  —  a'  =    0   51   29.1 

•'  =       18    17  87 .72  A  =   5  50  12 .0 

=  87*83'    0". 

According  to  our  first  solviion,  we  obtain, 

by  (305),  B  =  91<>  15'  52".5         P  =  69^^  57'  54".7 

and,  by  (806),  Q  =  64    51  24  .8 

whence  j  =    5     6  29  .9 

Then,  by  (807),  we  find 

f  =  39*^  17' 20"       e'  =  6*^3'0"=:  0*20-12*. 

a' =13  17  37.72 


Sidereal  time  of  the  observation  of  Spica  =  13  37  49 .72 
Sidereal  time  at  mean  Greenwich  noon    =  22  53  39  .83 


14  44     9 .89 

Acceleration  for  14*  44-*  9^.89  =  —    2  24.85 

"  longitude      =  —         50 .28 

Mean  time  of  the  observation  of  Spica      =  14  40   54 .81 

Chronometer  correction  at  that  time,  a  T'  =:  +     2*  38*.ll 

According  to  the  second  solution^  we  prepare  the  quantities 

U=43<»46'80"    K^+^')=  4<»45'32".6    J(A  +  A')=     29^    5'36".5 
J(a-.^')  =  15  10  12.1    i(*— A')=— 10    59    6.5 

with  which  we  find,  by  (808),  (809),  and  (810), 

log  tan  J5  =  9.437854  D=        6^  34'  32".0 

log  sin  0  =  9.854225  P  =       68    27  22  .2 

log  cos  C  =  9.844639  Q  =     108    35  12  .1 

log  sin  S=  9.834176  ^r  =  —  40      7  49  .9 
log  COS  iT  =9.863785 


T 

== 

822° 

SC 

51" 

B 

X 

1= 

1 

14 

21 

.3 

—  X 

= 

321 

16 

80 

= 

21» 

25- 

6* 

ix 

= 

2 

55 

6 

t 

= 

18 

30 

0 

f 

— 

0 

20 

12 
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(The  auxiliaries  Cand  ITare  not  themselves  required:  we  take 
their  cosines  from  the  table,  employing  the  sines  as  arguments.) 
We  now  find,  by  (311),  (312),  (813),  and  (814), 

log  sin  fi  =  n9.673029 
log  008/5=    9.945632 

r  =  39^  18'    4".0 
J>  +  r  =  45    52  36  .0 
^  =  39    17  20  . 


agreeing  precisely  with  the  results  of  the  first  solution, 

179.  In  the  observation  of  lunar  distances,  as  we  shall  see 
hereafter,  the  altitudes  of  the  moon  and  a  star  are  observed  at 
the  same  instant  with  the  distance  of  the  objects.  The  ob- 
served distance  is  reduced  to  the  true  geocentric  distance,  which 
is  the  arc  B  of  the  above  first  solution^  or  2  (7  of  the  second.  The 
observation  of  a  lunar  distance  with  the  altitudes  of  the  objects 
furnishes,  therefore,  the  data  for  finding  the  latitude,  the  local 
time,  and  the  longitude. 

180.  (B.)  A  fixed  star  observed  at  two  different  times. — ^In  this  case 
the  declination  is  the  same  at  both  observations,  and  the  general 
formulae  of  the  preceding  articles  take  much  more  simple  forms. 
The  hour  angle  X  is  in  this  case  merely  the  elapsed  sidereal  time 
between  the  observations,  the  formula  (804),  since  a  =  a', 
becoming  here 

A  =  (T'  —  T)  +  (aT'  —  aT)  (815) 

Putting  d'  for  d  in  (808)  and  (809),  we  find  J&  =  0,  cos  P=  0, 
P=  90°;  and  Cand  D  are  found  by  the  equations 

sin  C  =  cos  ^  sin  }  A,       sin  D  = f816) 

cos  C 

Since  we  have  j  =  P—  ^  =  90®  —  Qy  the  last  two  equations  of 
(811)  give 

sin  fi  =  cos  H  cos  Q,      cos  ;*  =  sin  If  sec  fi 
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which,  by  (810),  become* 


sin  fi  = ^^^ — • — ^— - — ^ 

sin  C 


sin  i(h  +  h!)  cos  \  (h  ^  A') 
cos  /'  = V      I       /  V  ^ 


(317) 


cos  /9  COS  C 

Then  fp  and  r  are  found  by  (812),  or  rather  by  the  following : 

sin  ^  =r  COS  P  sin  (D  +  y) 

tan/9  .  8iny9  }    (818) 

tan  T  = or  sm  t  = ^  * 

cos(D  +  /')  cosf 

The  hour  angles  at  the  two  observations  are 

'.=:+li  }  <m 

Here  f,  being  determined  by  its  cosine,  may  be  either  a  posi- 
tive or  a  negative  angle,  and  we  obtain  two  values  of  the  latitude 
by  taking  either  Z)  +  r  or  D  —  7-  in  (818).  The  first  value  will 
be  taken  when  the  great  circle  joining  the  two  positions  of  the 
star  passes  north  of  the  zenith ;  the  second,  when  it  passes  south 
of  the  zenith. 

The  solution  may  be  slightly  varied  by  finding  D  by  the 
formula 

tan  D  =  -i5?i.  (320) 

cos  J  A  ^      ^ 

obtained  directly  from  the  triangle  PTS  (Fig.  25),  which  is  rights 
angled  at  Twhen  the  declinations  are  equal.  We  can  then  dis- 
pense with  C  by  writing  the  formulse  (817)  as  follows : 

^.^  ^  ^  cos  KA  +  h')  sin  h  (h  -'  W) 
cos  d  sin  }  A 

\    (821) 
_  sin}  (A  +  A')  cos  \  (h  —  W)  sin  D 

cos  p  sin  d 

*  The  formula  (815),  (816),  and  (817)  are  essentiallj  the  same  as  those  first 
^Ten  for  this  case  by  M.  Caillet  in  his  Manuel  du  Navigatewr,  Nantes,  1818. 
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181.  (C.)  The  sun  observed  at  tioo  different  times. — ^In  this  case 
the  hour  angle  X  is  the  elapsed  apparent  solar  time.  If  then  the 
times  T  and  T^  are  observed  by  a  mean  solar  chronometer,  and 
the  equation  of  time  at  the  two  observations  is  e  And  e'  (positive 
when  additive  to  apparent  time),  we  have 

;i  ==  (T'—  T)  +  (aT'—  aT)  —  (e'-^e)  (822) 

Taking  then  the  declinations  d  and  i'  for  the  two  times  of  obser- 
vation, we  can  proceed  by  the  general  methods  of  Art.  178. 

But,  as  the  declinations  diflfer  very  little,  we  can  assume  their 
mean — i.e.  the  declination  at  the  middle  instant  between  the 
observations — as  a  constant  declination,  and  compute  at  least  an 
approximate  value  of  the  latitude  by  the  simple  formulae  for  a 
fixed  star  in  the  preceding  article.  We  can,  however,  readily 
correct  the  resulting  latitude  for  the  error  of  this  assilmption. 
To  obtain  the  correction,  we  recur  to  the  rigorous  formulae  of  our 
second  solution  in  Art.  178.  The  change  of  the  sun's  declination 
being  never  greater  than  1'  per  hour,  we  may  put  cos  J  (^  "~  ^0 
=  1.  Making  this  substitution  in  (808)  and  (809),  and  putting  d 
for  i(d  +  d')  so  that  8  will  signify  the  mean  of  the  declinations, 
and  Ad  for  \  {S'  —  S)  so  that  ^8  will  signify  one-half  the  inerease 
of  the  sun's  declination  from  the  first  to  the  second  observation 
(positive  when  the  sun  is  moving  northward),  we  shall  have 

A^  =  —  }  (^  —  ^') 
sin  A^ 


tan  J5  =  -^ 


cos  d  tan  i  X 


But  Ad  diminishes  with  A,  so  that  E  always  remains  a  small 
quantity  of  the  same  order  as  Ad;  and  hence  we  may  also  put 
cos  -E=  1.     Thus  the  second  equation  of  (808)  gives 

sin  (7  =  cos  d  sin  iX 
and  the  first  of  (809) 

.    ^       sin  a 

smi>  = — 

cos  C 

which  are  the  same  as  (316),  as  given  for  the  case  where  the 
declination  is  absolutely  invariable.  Hence  no  sensible  error  is 
produced  in  the  values  of  C  and  JD  by  the  use  of  the  mean  de- 
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Clinatioii.    But  by  the  Bdcond  equation  of  (809)  P  will  no  longer 
be  exactly  90° :  if  then  we  put 

we  have,  by  that  equation, 

cos  d  sin  A^  sin  M 


sin  aP  = 


cos  D  sin  G      cos  J)  sin  }  A 
or  simply 

cos  D  BiniX 
Then,  since  g  i=  P—  §,  we  have 

J  =  90^  —  C  +  aP 

The  rigorous  formula  for  the  latitude  is 

sin  f>  =  sin  D  sin  JT  -f  ^^^  ^  ^^^  ^  cos  q 

In  which  when  we  use  the  mean  declination  we  take  q  =^  90^  -* 
§:  therefore,  to  find  the  correction  of  ip  corresponding  to  a  cor- 
rection of  g  =  aP,  we  have  by  differentiating  this  equation,  D 
and  J7  being  invariable, 

cosf  .Af  =  —  cos  2>  cos  JT sin  g.AP 

A^  cos  H  cos  Q 

sin  \X 

We  have  found  in  the  preceding  article  sin  fi  =  cos  ^oos  Q; 
and  hence 

COS  ^  sin  i  A 

In  the  case  of  the  sun,  therefore,  we  compute  the  approximate 
latitude  f  by  the  formulae  (316),  (Sl7),  and  (318),  employing  for  d 
the  mean  declination.  We  then  find  a^  by  (823)  (which  in-« 
volves  very  little  additional  labor,  since  the  logarithms  of  sin  ^ 
and  sin  ^X  have  already  occurred  in  -the  previous  computation), 
and  then  we  have  the  true  latitude 

If  we  wish  also  to  correct  the  hour  angle  r  found  by  this 
method,  we  have,  from  the  second  equation  of  (47)  applied  to 
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the  triangle  PTZ  (taking  b  and  c  to  denote  the  sides  PT  and 
Z  Ty  which  are  here  constant), 

cos  H  cos  A 


At  = 


aP 


cos  ^ 

in  which  A  is  the  azimuth  of  the  point  T.  But  we  have  in  the 
triangle  PTZ 

cos  J  cos  A  =  sin  tp  cos  D  cos  t  —  cos  f  sin  D 
Substituting  this  and  the  value  of  aP,  we  have 

A^  ^ 

AT  = (tan  «>  cos  r  —  tan  D) 

and,  substituting  the  value  of  tan  D  (320), 

Ad    / ,  tan  d  \ 

At  = I  tan  <p  cos  t I 

sinJAV        ^  cosJA/ 

When  this  correction  is  added  to  r,  we  have  the  value  that  would 
be  found  by  the  rigorous  formulae,  and  we  have  then  to  apply 
also  the  correction  x  according  to  (814).  In  the  present  case  we 
have,  by  (818), 

x=  —  Ld  tan  d  tan  }  X 

and  the  complete  formulse  for  the  hour  angles  i  and  V  become 

t  =t+at  —  a;  —  JA 
r'  =  T+AT  —  a;  +  J>l 
Putting 

y  =  AT  —  a: 

we  find,  by  substituting  the  above  values  of  Ar  and  x, 

^  \    sinJA  tan  J  A/  ^       ^ 

and  then  we  have 

t  =r  +  y-JA  1     (325^ 

The  corrections  Lip  and  y  are  computed  with  sufficient  accu- 
racy with  four-place  logarithms,  and,  therefore,  add  but  little  to 
the  labor  of  the  computation.  Nevertheless,  when  both  latitude 
and  time  are  required  with  the  greatest  precision,  it  will  be  pre- 
ferable to  compute  by  the  rigorous  formulse. 
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Example.— 1856  March  10,  in  Lat  24^  K,  Long.  80°  W., 
suppose  we  obtain  two  altitudes  of  the  sun  as  follows,  all  correc- 
tions being  applied :  find  the  latitude. 


At  app.  time  0*  30-              h    =  61*>  11'  38".8  (^ )  =  —  8*>  51'  52".8 

«  4  80               A'  =  18    46  85  .8  (^)=  — 8    47  57  .4 

iX=  2*    0-  i(h  +  V)  =  S9    59     7  .1  ^=—8    49  55  .1 

=  80«   0'    J(A  — A')  =  21    12  81  .8  a^  =     +     1' 57".7 

The  following  is  the  form  of  computation  by  the  formulie 
(316),  (317),  and  (318),  employed  by  Bowditoh  in  his  Practical 
Navigator,  the  reciprocals  of  the  equations  {316}  and  of  the 
second  of  (317)  being  used  to  avoid  taking  arithmetical  comple- 
ments. This  form  is  convenient  when  the  tables  give  the  secants 
and  cosecants,  as  is  usual  in  nautical  works. 

cosec  }  X  0.801080 

8ec«f  0.000972 cosec  nl.  175024 

cosec  C  0.802002     cos     9.987864 cos       9.g87864 

cos  }  (A  +  h')  9.884847     cosec  0.192066     Z)  =  —  4^  26'  21".8  cosec  nl.ll2878 
sin  }  (A  —  hj  9.568428      sec     0.080469 

sin/9  9.744777     cos     9.919829 cos       9.919829 

sec     0.080207       y=      88    46  88  .0 

D-\-y=      29    20  16  .7  sin        9.690161 

^  =      24®    2'  28".2  sin        9.609990 

K  the  approximate  latitude  had  not  been  given,  we  might  also 
have  taken  D  —  7-  =  —  38°  10'  69".3,  and  then  we  should  have 
had 

C08/9    9.919829 

sin  (D  —  r)  n9.791113 

^  =  —  80<»  55'  44".8         sin  ^  n9.71J942 

To  correct  the  first  value  of  the  latitude  for  the  change  of 
declination,  we  have,  by  (323), 

log  ^d  2.0708 
sin  fi  9.7448 
cosec  }  X  0.8010 
secf  0.0894 
Af  =  —  148".2    log  A^    n2.1560 

and  hence  tiie  true  latitude  is 

f'  =  24®  2'  28".2  —  2'  28".2  =  24®  0'  0" 
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which  agrees  exactly  with  the  value  computed  by  the  rigorous 
formuhe. 

The  approximate  time  is  found  by  the  last  equation  of  (818) 
with  but  one  new  logarithm :  we  have 

sin  /9  9.74477T 

cos^  9.960596 

T  =  37*»  28'  28"  sin  t  9.784181 

By  (824)  and  (825),  we  find 

log  £kd      2.0708  log  A$  2.0708    ' 

oosec  i  X  0.3010  cot  i  X  0.2886 

tan  f        9.6494  tan  9  n8.8259 

COST        9.8996      — 13".7  nLlSSS 
+  83".8        1.9208 

y  =  +  83".3  —  (—  13".7)  =  -f  9r 

T  +.y  =  37^  30'  0"  =  2*  80*  0- 

f  =    0*  30-  0*         <'  =  4>  30*  0* 

which  are  perfectly  exact. 

182.  (D.)  Tico  equal  altitudes  of  the  same  star,  or  of  the  sun, — This 
case  is  a  very  useful  one  in  practice  with  the  sextant  when  equal 
altitudes  have  been  taken  for  determining  the  time  by  the  method 
of  Art,  140.  By  putting  A'  =  A  in  the  formula  (817),  we  find 
sin  j9  =  0,  cos  ^9  =  1,  and  hence  (S18)  gives  sin  f  =  sin  {JD  +  y)^  or 
f  =-D  +  7*.    We  have,  therefore,  for  this  case,  by  (820)  and  (321), 

-,        tan  ^  sin  h  sin  D 

tan  D  = cos  y  = 

COB  iX  sin  d  I    r326^ 

which  is  the  method  of  Art.  164  applied  as  proposed  in  Art  165. 
We  give  y  the  double  sign,  and  obtain  two  values  of  the  latitude, 
for  the  reasons  already  stated. 

The  time  will  be  most  conveniently  found  by  Art,  140.  The 
method  there  given  is,  however,  embraced  in  the  solution  of  the 
present  problem.  For,  since  we  here  have  sin  )9  =  0,  we  also 
have  r  =  0,  and  the  hour  angles  given  by  (325)  become 

t=y'-iX 
if^y  +  iX 
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the  mean  of  which  gives 

that  is,  — y  is  the  correction  of  the  mean  of  the  times  of  obser- 
vation to  obtain  the  time  of  apparent  noon  =  0*.  This  correction 
was  denoted  in  Art  140  hy  ^T^;  and  since  cos  r  =  0,  the  formula 
(324)  gives,  when  divided  by  16  to  reduce  it  to  seconds  of  time, 

^  ^9  tan  ^  a8  tan  i 

^x^=z  —  -— — — — -  H 


ISsinii        15tanii 

which  is  identical  with  (262).   Thus  it  appears  that  (262)  is  but  a 
particular  case  of  the  formula  (324),  which  I  suppose  to  be  new. 
The  latitude  found  by  (326)  will  require  no  correction,  since 
sin  ^  =  0,  and  therefore  a^  =  0. 

NoTB. — The  preoeding  aolntions  of  the  problem  of  finding  the  latitude  and 
time  bj  two  altitudes  lea^e  nothing  to  be  desired  on  the  score  of  completeness  and 
iMeuracy ;  but  some  brief  approximatiye  methods,  used  only  bj  navigators,  will  be 
treated  of  among  the  piethods  of  finding  the  latitude  at  sea,  and  in  Chapter  VIII. 

188.  I  proceed  to  discuss  the  effect  of  errors  in  the  data  upon 
the  Latitude  and  time  determined  by  two  altitudes,  and  hence 
ftlso  the  conditions  most  favorable  to  accuracy. 

Errors  of  altitude. — Since  the  hour  angles  t  and  t'  are  connected 
by  the  relation  t'  =  i-{-X^  the  errors  of  altitude  produce  the  same 
errors  in  both ;  for,  X  being  correct,  we  have  dV  =  dt ;  and  for 
either  of  these  we  may  also  put  rfr,  since  we  have,  in  the  second 
general  solution  of  Art.  178,  r  —  x  =  J  (<  +  t'),  and  x  is  not 
affected  by  errors  of  altitude.  Now,  we  have  the  general  relations 

sin  h  =  sin  f  sin  d  +  cos  ^  cos  ^  cos  *  1  rft97^ 

sin  K  =  sin  ^  sin  d'  +  cos  <p  cos  ^'cos  t'  } 

which,  by  differentiation  relatively  to  A,  ^,  and  ij  give  [see 
equations  (51)] 

dh  =  —  COB  Ad^  —  cos  ^  QinAdr 
dh'  z=z  —  cos  A'd^  —  cos  f  sin  A'dr 

In  which  A  and  A'  denote  the  azimuths  of  the  two  stars,  op  of 
the  same  star  at  the  two  observations. 


272  LATITUDE. 

Eliminating  dr  and  d^  successively,  we  find 

sin  A'         ,^    ,         sin  A 


d9  = 
COB  tpdr  = 

dh+        

sin  (A'  — A)        '  Bin  (A'  — A) 

COB  A'           „                  COB  A 

sin  {A'  —  A)           sin  (.1'  —  A) 

dh' 

dV 


(828) 


These  equations  show  that,  in  order  to  reduce  the  effect  of  errore 
of  altitude  as  much  as  possible,  we  must  make  sin  {A'  —  A)^» 
great  as  possible,  and  hence  A'  —  A,  the  difference  of  the  azi- 
muths, should  be  as  nearly  90°  as  possible. 
If  we  suppose  A'  —  A  =  90°,  we  have 

d^  =  —  sin  A'dh  +  Bin  Adh' 
cos  fdr  =      cosA'dh  —  cosAdh' 

and,  under  the  same  supposition,  if  one  of  the  altitudes  is  near 
the  meridian  the  other  will  be  near  the  prime  vertical.  If,  then, 
the  altitude  h  is  near  the  meridian,  sin  A  will  be  small  while 
sin  A^  is  nearly  unity,  and  the  error  df  will  depend  chiefly  on 
the  term  sin  A'dh.  At  the  same  time,  cos  A  will  be  nearly  unity 
and  cos  A'  small,  so  that  the  error  rfr  will  depend  chiefly  on  the 
term  cos  -4rfA'.  Hence  the  accuracy  of  the  resulting  latitude  will 
depend  chiefly  upon  that  of  the  altitude  near  the  meridian ;  and 
the  accuracy  of  the  time  chiefly  upon  that  of  the  altitude  near 
the  prime  vertical. 

If  the  observations  are  taken  upon  the  same  star  observed  at 
equal  distances  from  the  meridian,  we  have  J.'  =  —  J.,  and  the 
general  expressions  (328)  become 

,  dh  +  dh' 

af  =  —         ' 


cos  f dr  = 


2  COB  A 
dh  —  dh' 


2  sin  A 

The  most  favorable  condition  for  determining  both  latitude 
and  time  from  equal  altitudes  is  sin  A  =  cos  Ay  or  A  =  46°. 

Errors  in  the  observed  clock  times. — An  error  in  the  observed 
time  may  be  resolved  into  an  error  of  altitude ;  for  if  we  say  that 
dr  is  the  error  of  T  at  the  observation  of  the  altitude  h.  it 
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amounts  to  saying  either  that  the  time  T—dr  corresponds  to 
the  altitude  A,  or  that  T  corresponds  to  the  altitude  h  +  dA,  dh 
being  the  increase  of  altitude  in  the  interval  dT.  We  may, 
therefore,  consider  the  time  T  as  correctly  observed  while  A  is  in 
error  by  the  quantity  —  dh.  Conversely,  we  may  assume  that 
the  altitudes  are  correct  while  the  times  are  erroneous.  The 
discussion  of  the  errors  under  the  latter  form,  while  it  can  lead 
to  no  new  results,  is,  nevertheless,  sufficiently  interesting.  We 
have,  from  the  formula  (304), 

dX  =  dT-^dT 

The  general  equations  (827),  upon  the  supposition  that  h  and  A' 
are  correct,  give 

0  =  —  cos  Ad^  —  cos  ip  sin  Adt 

0  =  —  cos  A'd<p  —  cos  sp  sin  A'  (dt  +  dX) 

where  we  put  dt  +  dX  tor  di%  since  i'  =:i  +  X.    Eliminating  (ft,  we 

iind 

cos  <p  sin  A'  sin  A  ^ 

d9>  = r-777 7: — ^  (829) 

sm  (il'  —  A) 


l^immating  d^, 
and  similarly 


,^  sm  A'  cos  A   ,, 

ar  =  — —  (U 

sin  (^'  —  -4) 

-^  sin  A  cos  A'   ,, 

or  = dA 

sin(jL'  — ^) 


But  we  have  from  the  formula  T  —  z  =  i{t  +  t^ 

dT  =  i(dt  +  dt') 
^d  hence 

_Bm(iA'  +  A)JU 

sin(il'— ^)     2  ^      ^ 

If  we  denote  the  clock  correction  at  the  time  T  by  t>,  we  shall 
have 

*  =  *4.a—  T 
and 

dd  =  dt'-  dT 

Vol.  L— 18 
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or,  if  we  deduce  &  from  the  second  observation,  the  rate  being 
supposed  correct, 

d^  =  d<'  -^dT 
The  mean  is 

Substituting  the  value  of  dv  and  also  dX  =  dT'-^dT^  we  find, 
after  reduction, 

^^^sin^cosA-^y^sin^-cos^ 

sin  (A'  — A)  sin(A'  — il)  ^      ^ 

The  conclusions  above  obtained  as  to  the  conditions  favorable  to 
the  accurate  determination  of  either  the  latitude  or  the  time  are, 
evidently,  confirmed  by  the  equations  (829)  and  (881).  In  addi- 
tion, we  may  observe  that  \i  dT'  =  dT^  we  have  df  =  0  and 
rfj?  =  dT:  a  constant  error  in  noting  the  clock  time  produces  no 
error  in  the  latitude,  but  aftects  the  clock  correction  by  its  whole 
amount. 

Errors  of  declination. — These  errors  may  also  be  resolved  into 
errors  of  altitude.  By  diflferentiating  the  equations  (827)  rela- 
tively to  h  and  5,  we  find 

dh  =  cos  qdd,       dV  =  cos  ^dd' 

in  which  q  and  g'  are  the  parallactic  angles  at  the  two  observa- 
tions respectively.  K  these  values  are  substituted  in  (828),  the 
resulting  values  of  df  and  dr  will  be  the  corrections  required  in 
the  latitude  and  hour  angle  for  the  errors  dd  and  dd'  ;*  and,  de- 
noting these  corrections  by  a^  and  at,  we  have 


sin  A'  cos  7    _^  ,    sin  A  cob  a'    ,^, 

Atf  = ^  dd  4 ^  dd' 

^  sin  (A'  —  A)       ^  sin  ( Jl'  —  A) 

COB  A' COB  a    -^        cos  A  cos  fl^   -^, 

cos  flp  At  =       ^  do ^—  dd 

^  sin  (A'  -  A)  sin  (A'  -  A) 


(832) 


If  the  observation  h  is  on  the  meridian,  and  h'  on  the  prime 
vertical,  we  have  ^<p  =  —  d8;  and  in  the  same  case  we  have,  by 

*  The  error  of  a  quantity  and  the  oorreotion  for  this  error  are  too  freqnenUy  con- 
founded. They  are  numerioally  equal,  but  haTO  opposite  signs.  If  a  should  be 
0  _  X,  it  is  too  great  by  x;  its  error  is  +  x;  but  the  correction  to  reduce  it  if  it0 
true  Talue  is  —  z. 
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(828),  df  =  +  rfA,  and  the  total  correction  of  the  latitude 
=  dfc  —  (idy  precisely  the  same  as  if  the  meridian  observation 
were  the  only  one.  Hence  there  is  no  advantage  in  combining 
an  observation  on  the  meridian  with  another  remote  from  it,  in 
the  determination  of  latitude:  a  simple  meridian  observation, 
or,  still  better,  a  series  of  circummeridian  observations,  is  always 
preferable  if  the  time  is  approximately  known. 

When  the  sun  is  observed  and  the  mean  declination  is  em- 
ployed, putting  a5  =  J  (*'  —  d)j  we  have  dd  =  a^,  rf<J'  =  —  a<J, 
and,  by  (882), 

sin  A'  cos  g  +  BinA  cos  a' 
sin  (A'— A) 
which,  by  substituting 

.     .,       sin  a'  cos  ^         .     .       sin  o  cos^ 

sm  A^  =  -. — ^ sm  A  = ^ 

cos  ^  cos  fP 


becomes 


_  sin(g>  +  g)coBa     ^, 
sin  (il'  —  A)  cos  f 


This  is  but  another  expression  of  the  correction  (323). 

K,  when  the  sun  is  observed,  instead  of  employing  the  mean 
declination  we  employ  the  declination  belonging  to  the  greater 
altitude,  which  we  may  suppose  to  be  A,  we  shall  have  di  =  0, 
dd'  =  —  2  a8;  and,  denoting  the  correction  of  the  latitude  in 
this  case  by  aY>  we  have,  by  (332), 

,  2  sin  -4  cos  fl^       ,  2  smg  cos  t'  cos  ^ 

aV  = ^  •  Ad  = ^ ^ Ad 

sin  (J.'  —  A)  sin  (A'  —  A)  cos  ^ 

Under  what  conditions  will  a'^  be  numerically  less  than  a^  ? 

First.  If  both  observations  are  on  the  same  side  of  the 
meridian,  the  condition  a^  <  ^<p  gives 

2  sin  jr  cos  9^  <  sin  (j/  -f-  q) 
or 

2  sin  jr  cos  9^  <  sin  9^  cos  q  +  cos  ^  sin  q 
whence 

tan  q  <  tan  g^ 

which  condition  is  always  satisfied  when  h  is  the  greater  altitude. 
Secmdly.  If  the  observations  are  on  different  sides  of  the 
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meridian,  q  and  q'  will  have  opposite  signs,  and  we  shall  have, 
numerically,  sin  (g'  —  j)  instead  of  sin  (}'  +  j).  The  condition 
a'^  <  A^,  then,  requires  that 

2  sin  q  cos  j'  <  sin  g'  cos  q  —  cos  j'  sin  q 
or 

tan  3  <  i  tan  ^ 

Therefore  a  p' will  be  greater  than  ^<p  only  when  the  observa- 
tions are  on  opposite  sides  of  the  meridian  and  tan  j  >  J  tan  q'. 
In  cases  where  an  approximate  result  suffices,  as  at  sea,  and  the 
correction  t^ip  is  omitted  to  save  computation,  it  will  be  expedient 
to  employ  the  declination  at  the  greater  altitude,  except  in  the 
single  case  just  mentioned.*  But  to  distinguish  this  case  with 
accuracy  we  should  have  to  compute  the  angles  q  and  g' ;  and 
therefore  an  approximate  criterion  must  suffice.  Since  the 
parallactic  angles  increase  with  the  hour  angles,  we  may  substi- 
tute for  the  condition  tan  y  >  J  tan  q'  the  more  simple  one 
<  >  J  /',  which  gives 

t  — « 
^     2 

or  {i  and  V  being  only  the  numerical  values  of  the  hour  angles) 

t>r 

Hence  we  derive  this  very  simple  practical  rule :  employ  the  staCs 
declination  at  the  greater  altitude^  except  when  the  time  of  this  altitude 
is  farther  from  noon  than  the  middle  tfwe,  in  which  case  employ  the 
mean  decimation. 

The  greatest  error  committed  under  this  rule  is  (nearly)  the 
value  of  Af>  in  (323),  when  r  =  /.  But  since  in  this  case  3<  =  <', 
and  t  +  t'  =  XyWe  have  r  =  J  >l,  and  therefore  sin  fi  =  cos  y  sin  r 
=  cos  f  sin  J  X.  This  reduces  (323)  to  a^  =  —  J  a<J  sec  J  i. 
Since  X  will  seldom  exceed  6*,  ^8  will  not  exceed  3',  and  the 
maximum  error  will  not  exceed  1'.6.  In  most  cases  the  error 
will  be  under  1',  a  degree  of  approximation  usually  quite  suffix 
cient  at  sea.  Nevertheless,  the  computation  of  the  correction 
£if  by  our  formula  (323)  is  so  simple  that  the  careful  navigator 

*  BowDiTCH  and  navigators  generally  employ  In  all  cases  the  mean  deolinaiion ; 
but  the  above  discussion  proves  that,  if  the  cases  are  not  to  be  distinguished,  it  will 
be  better  always  to  employ  the  declination  at  the  greater  altitude. 
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will  prefer  to  employ  the  mean  declination  and  to  obtain  the 
exact  result  by  applying  this  correction  in  all  cases. 

SIXTH    METHOD. — ^BT  TWO  ALTITUDES    OF    THE    SAME    OR  DIFFERENT 
STARS,  WITH   THE   DIFFERENCE   OF  THEIR   AZIMUTHS. 

184.  Instead  of  noting  the  times  corresponding  to  the  observed 
altitudes,  we  may  observe  the  azimuths,  both  altitude  and  azi- 
muth being  obtained  at  once  by  the  Altitude  and  Azimuth 
Instrument  or  the  Universal  Instrument  The  instrument  gives 
the  difference  of  azimuths  =  X.  The  computation  of  the  latitude 
and  the  absolute  azimuth  A  of  one  of  the  stars  may  then  be 
performed  by  the  formulae  of  the  preceding  method,  only  inter- 
changing altitudes  and  declinations  and  putting  180®  —  A  for  t 
When  A  has  been  found,  we  may  also  find  t  by  the  usual  methods. 

SEVENTH    METHOD. — BY  TWO    DIFFERENT    STARS    OBSERVED   AT    THE 
SAME   ALTITUDE  WHEN   THE   TIME  IS  GIVEN. 

185.  By  this  method  the  latitude  is  found  from  the  declinations 
of  the  two  stars  and  their  hour  angles  deduced  from  the  times 
of  observation,  without  employing  the  altitude  itself  ^  so  that  the  result 
is  free  from  constant  errors  (of  graduation,  &c.)  of  the  instrument 
with  which  the  altitude  is  observed.    Let 

6,  6'  =  the  sidereal  times  of  the  observations, 
a,  a!   =  the  right  ascensions  of  the  stars, 
d,  d'  =  the  declinations  **  " 

t,  f    =  the  hour  angles  "  " 

A    =  the  altitude  of  either  star, 

f    =  the  latitude ; 

then,  the  hour  angles  being  found  by  the  equations 

we  have 

sin  A  =  sin  f  sin  d  -f  cos  ^  cos  d  cos  t 
sin  A  =  sin  f»  sin  d'  -f  cos  <p  cos  d'  cos  if 

From  the  difference  of  these  we  deduce 

tan  f  (sin  d'  —  sin  d)  =  cos  d  cos  t  —  cos  d'  cos  if 

=  ^  (cos  d  —  cos  d')  (cos  ^  -f  cos  O 
+  ^  (cos  d  +  cos  ^')  (cos  t  —  cos  t) 


278  LATITUDE. 

and,  by  resolving  the  quantities  in  parentheses  into  their  &etors^ 

tan  f>  =  tan  J  (^'  +  d)  cos  J  (/'  +  0  cos  i(f  —  t) 
+  cot  i (^'—  a)  sin  ilf  +  t)  sin  ilf  —  t) 


If  now  we  put 

m  sin  M=  sin  i(f  —t)  cot  }  (^'  —  6) 
m  cos  Jtf  =  cos  ilf  —  t)  tan  J  (^'  +  d) 
we  have 

tan  f  =  m  cos  [}  (f'  +  f)  —  if]  (386) 


|(S84) 


The  equations  (834)  determine  m  and  Jlf,  and  then  the  latitude  is 
found  by  (386)  in  a  very  simple  manner. 

It  is  important  to  determine  the  conditions  which  must  govern 
the  selection  of  the  stars  and  the  time  at  which  they  are  to  be 
observed.  For  this  purpose  we  differentiate  the  above  expres- 
sions for  sin  h  relatively  to  y  and  L  The  error  in  the  hour  angles 
is  composed  of  the  error  of  observation  and  the  error  of  the  clock 
correction.    If  we  put 

Tj  T'  =  the  observed  (sidereal)  clock  time, 
A  T  =i:  the  clock  correction, 
dT  =  the  rate  of  the  clock  in  a  unit  of  clock  time, 

we  shall  have 

Differentiating  these,  assuming  that  the  rate  of  the  clock  is  suffi* 
ciently  well  known,  we  have 

dt  =  dT+de^Tj       M  =  dT  -\-ddkT 

in  which  dT^dT'  are  the  errors  in  the  observed  times,  andrfA  7 
the  error  in  the  clock  correction.     The  differential  equations  are 

then 

dhz=  —  COS  ilrff  —  cos  <p  sin  A  dT  —  cos  ^  sin  A  «?  a  T 
dh=z  —  COB  A'df  —  cos  f  sin  A'dT*  —  cos  ^  sin  A'dL.  T 

in  which  A  and  A'  are  the  azimuths  of  the  stars.   The  difference 
of  these  equations  gives 

d<p  _  sin  A     _^  sinA; ^^      sinA^-^sinA^^^ 

I '  /t/\a    A  /i/\Q    A  f  i\f\a    A  ' tH\ti  A 


cos^    cos  A— cos  A'     cos  A— cos  A'     cos  A'  —  cos  A 
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The  denominator  cos  A  — -  cos  A'  is  a  maximum  when  one  of 
the  azimuths  is  zero  and  the  other  180°,  that  is,  when  one  of  the 
stars  is  south  and  the  other  north  of  the  observer.  To  satisfy 
this  condition  as  nearly  as  possible,  two  stars  are  to  be  selected 
the  mean  of  whose  declinations  is  nearly  equal  to  the  latitude, 
and  the  common  altitude  at  which  they  are  to  be  observed  will 
be  equal  to  or  but  little  less  than  the  meridian  altitude  of  the 
star  which  culminates  farthest  from  the  zenith.  It  is  desirable, 
also,  that  the  difference  of  right  ascensions  should  not  be  great. 

The  coefficient  of  d^T is  equal  to  — -  cot  J (-4'  +  -4),  which  is 
zero  when  i{A'  +  A)  is  90°  or  270° :  hence,  when  the  observa- 
tions are  equally  distant  from  the  prime  vertical,  one  north  and 
the  other  south,  small  errors  in  the  clock  correction  have  no 
sensible  effect. 

When  the  latitude  has  been  found  by  this  method,  we  may 
determine  the  whole  error  of  the  instrument  with  which  the 
altitude  is  observed;  for  either  of  the  fundamental  equations 
will  give  the  true  altitude,  which  increased  by  the  refraction  will 
be  that  which  a  perfect  instrument  would  give. 

186.  With  the  zenith  telescope  (see  Vol.  11.)  the  two  stars 
may  be  observed  at  nearly  the  same  zenith  distance,  the  small 
difference  of  zenith  distance  being  determined  by  the  level  and 
the  micrometer.  The  preceding  method  may  still  be  used  by 
correcting  the  time  of  one  of  the  observations.  If  at  the  ob- 
served times  Tj  T'  the  zenith  distances  are  (^  and  f ',  the  times 
when  the  same  altitudes  would  be  observed  are  either 

T     and    r'+      ^       ^ 


cos  tp  sin  A' 
or, 

T-)^— ^—     and    T 

cos  f  sin  A 

where  Z'  —  C  *^'^  given  directly  by  the  instrument.  With  the 
hour  angles  deduced  from  these  times  we  may  then  proceed  by 
(334)  and  (385). 

But  it  will  be  still  better  to  compute  an  approximate  latitude 
by  the  formulae  (884)  and  (836),  employing  the  actually  observed 
times,  and  then  to  correct  this  latitude  for  the  difference  of 
zenith  distance. 
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By  differentiating  the  formula 

tan  f  (sin  d'  —  sin  d)  =  cos  ^  cos  ^  —  cos  d'  cos  f 
relatively  to  f  and  t'j  we  have 

sec*  f  (sin  d'  —  sin  9)  d^  =  cos  ^'  Bmfdf=z  sin  C  sin  A'  df 
Hence,  substituting 


dif  =  dr  = 


c-c 


COS  ^  sin  A' 


we  find 


'd^=       KC-QsinCcosy 
^       sin  i  (^'  —  ^)  cos  i  (^'  +  ^)  ^      "^ 

and  the  true  latitude  will  be  y  +  rfp. 

EIGHTH   METHOD. — BT  THREE  OR  MORE  DIFFERENT   STARS   OBSERVED 
AT  THE   SAME  ALTITUDE  WHEN  THE   TIME   IS  NOT   GIVEN. 

187.  To  find  both  the  latitude  and  the  clock  correction  from  the  clock 
times  when  three  different  stars  arrive  at  the  same  altitude. 

As  in  the  preceding  method,  we  do  not  employ  the  common 
altitude  itself;  and,  as  we  have  one  more  observation,  we  can  de- 
termine the  time  as  well  as  the  latitude. 
Let  /S,  S'y  /S",  Fig.  26,  be  the  three  points  of  the  celestial 
sphere,  equidistant  from  the  zenith  Z,  at  which 
the  stars  are  observed.    Let 


Fig.  26. 


Also,  let 


T,  T',  T"  =  the  clock  times  of  the  observations, 

^T  =  the  clock  correction  to  sidereal  time  at 

the  time  T, 
^r  =  the  rate   of  the  clock  in  a  unit  of 
clock  time, 
a,  a',  a^  =  the  right  ascensions  of  the  stars, 
d,  d',  d"  =  the  declinations 
t,  f^  t'  =  the  hour  angles 
A  z=  the  altitude, 
^  =  the  latitude. 

X  =t  -^1  =  8P8% 
X'  =  f'---t  =  SPS"; 


u 
it 


then,  since  the  sidereal  times  of  the  observations  are 
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e   =  T    4.  aT 

6"  =  T"  +  A  r  4-  *r  (T"— T) 
and  the  hoar  angles  are 

*=e— a,       f=e'— a',       ^=0"  — a", 

we  have 

X  =  T'—  7+  <jr(r'—  ?)  —  («'  —  tt) 
A'  =  T"—  T+dT  (T"—  T)  —  (tt"  —  tt) 

The  angles  X  and  X'  are  thus  found  from  the  observed  clock 
times,  the  clock  rate,  and  the  right  ascensions  of  the  stars.  The 
hour  angles  of  the  stars  being  ^  <  +  >l,  and  t  +  ^',  we  have 

sin  h  =.  sin  ^  Bin  d    -)-  ^^  9  ^^^  ^    <^s  t 

sin  A  =  sin  f  sin  d'  +  cos  ^  cos  ^'  cos  (t  +  Jl) 

sin  A  =  sin  f  sin  d"  +  cos  f  cos  ^"  cos  (^  +  X') 

Subtracting  the  first  of  these  from  the  second,  we  have  an  equa- 
tion of  the  same  form  as  that  treated  in  Art.  185,  only  here  we 
have  t  +  X  instead  of  <';  and  hence,  by  (334),  we  have 


m  sin  -Jf  =  siu  }  A  cot  }  (d' —  d) 
m  cos  Jtf  =  cos  }  X  tan  }  {d'  +  d) 


}    (387) 


and  putting 

N=iX^M  (838) 

we  have,  by  (836), 

tan  f>  =  wi  cos  (t  +  N)  (339) 

In  the  same  manner,  from  the  first  and  third  observations  we 
have 

m'sinJtf'  =  sin}r  cot  J(^"— ^)  \    (qaq>. 

m'cosJf' =  co8iA'tanl(^"+.^)  J    ^      ^ 

-y'=JA'  — Jf'  (341) 

tan  f  =  m'  cos  (t  +  iV')  (342) 

The  problem  is  then  reduced  to  the  solution  of  the  two  equa- 
tions (889)  and  (842),  involving  the  two  unknown  quantities 
f  and  L    If  we  put 

*  cos  (f  +  iV')  =  1 


282  LAIITUDl. 

there  follows  also 

und  these  two  equations  are  of  the  form  treated  of  in  PL  Trfg. 
Art.  179,  according  to  which,  if  the  auxiliary  t>  is  determined  by 
the  condition 

tan  d  ==  -,  (848) 

we  shall  have 

tan  p  +  }  (iV^H-  J\rO]  =  tan  (45*^  —  &)  cot }  (JT — JV^      (844) 

which  determines  ty  from  which  the  clock  correction  is  fooud  by 
the  formula 

Ar=tt  +  e—  T 

The  latitude  is  then  found  from  either  (339)  or  (842).* 
To  determine  the  conditions  which  shall  govern  the  selu^tion 
of  the  stars,  we  have,  as  in  Art.  185, 

dh  =  —  cos  A  d^  —  cos  f  sin  A  dT  •*-  cos  f  sin  -4  d^T 
dh  =r=  —  cos  A'  df  —  cos ^  sin  A'  dT'  —  cos  f  Bin  A'  d^T 
dh  =  —  cos  A"df  —  cos  f  sin  A"dT"  —  cos  q>  sin  A"d^T 

By  the  elimination  of  ^aT,  we  deduce  the  following: 

(Bin  A  —  sin  ^')  <M  =  sin  (^'  —  -4  )  <i^  —  cos  ^  sin  A'  sin  A  {dV  —  dT  ) 
(sin  A  —  sin  A")  dh  =  sin  {A"  —  ^' )  rf^  —  oos  ^  sin  A"  sin  A'  (dT**  —  dP  ) 
(sin  A"  -^WiA)dkz=  sin  {A   ^A'*)d^-^  cos  ^  sin  ^   sin  A**\dT  —  dT") 

Adding  these  three  equations  together,  and  putting 

2  Jr==  sin  {A'  —  il)  +  sin  {A"  —  A)  +  sin  {A  —  il") 

we  find 

d^  sin  A  (sin  A"  —  sin  A)  ^^      sin  A*  (sin  A  —  sin  A**)    ^_ 

-_Z-  -_ i L  dT  A ^ dT' 

008  0  2JE'  2,K 

sin  A*  (sin  A'  —  sin  A)  ^^^ 

By  eliminating  df  from  the  same  three  equations,  we  shall  find 

*  This  simple  and  elegant  solution  is  due  to  Gauss,  MonatUehe  Corretpondenxt  Vol. 
XVIIL  p.  287. 
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a^f^  »ia  A  (oofl  ^^  —  001  ^^)  ^j,      8iii^^(co8^^  — ooa^)  ^^ 
2K  2K 

,   gin  A^  (cos  A  —  cos  A')  ,„„ 
2K 

The  denominator  22*  is  a  mazimam  when  the  three  differencear 
of  azimuth  are  each  120°,*  which  is  therefore  the  most  favorable 
condition  for  determining  both  the  latitude  and  the  time.  Iq 
general,  small  difi'erences  of  azimuth  are  to  be  avoided. 

Gauss  adds  the  following  important  practical  remarks.  It  is 
clear  that  stars  whose  altitude  varies  slowly  are  quite  as  available 
as  those  which  rise  or  fall  rapidly ;  for  the  essential  condition  is 
not  so  much  that  the  precise  instant  when  the  star  reaches  a 
supposed  place  should  be  noted,  as  that  at  the  time  which  is 
noted  the  star  should  not  be  sensibly  distant  from  that  place. 
We  may,  therefore,  without  scruple  select  one  of  the  stars  near 
.its  culmination,  or  the  Pole  star  at  any  time,  and  we  can  then 
easily  satisfy  the  above  condition.  Moreover,  at  least  one  of  the 
stars  will  always  change  its  altitude  rapidly  when  the  condition 
of  widely  different  azimuths  is  satisfied. 

The  stars  proper  to  be  observed  may  be  readily  selected  with 
the  aid  of  an  artificial  globe,  and  in  general  so  that  the  intervals 
of  time  between  the  observations  shall  be  so  small  that  irregu- 
larities of  the  clock  or  an  error  in  the  assumed  rate  shall  not 
have  any  sensible  influence. 

Having  selected  the  stars,  the  clock  times  when  they  severally 
arrive  at  the  assumed  altitude  are  to  be  computed  in  advance 
within  a  minute  or  two,  so  that  the  observer  may  be  ready  for 
each  observation  at  the  proper  time.  This  is  quickly  done  with 
four-place  logarithms  by  the  formula  (267),  in  which  y  and  f 
will  have  the  same  values  for  the  three  stars. 

*  For  by  paUing  a  zsz  A'  —  Ay  a' i=s  A"  —  A',  we  have 

2  JT  =  sin  a  -f  sin  a'  —  sin  (a  -f  a') 

and,  differentiating  with  reference  to  a  and  a',  the  conditions  of  maximum  or  mini« 
mum  ar« 

008  a  —  008  (a  +  a')  =s:  0 

cos  a*  —  COB  (a  •}-  a')  =  0 

irhich  give  either  fl  =  a'=:Oora=:a'  =  120**;  and  the  latter  evidently  belongs  to 
the  case  of  maximum. 
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If  it  is  desired  to  compute  the  differential  formulse,  the  follow- 
ing form  will  be  convenient    We  have 

K=  —  2axiiiA'—A)  sin  }  (^"  —  A')  sin  J  (il  —  A") 

_  Bin  ^  COB  >  (A"  -f  iiQ  Bin  j  (A"  —  A')     „ 


15coB  f  K 

Bin  ^'  COB  K^  +  ^")  Bin  K^  —  ^")  ^rp, 
+  K 

Binil"coB}(il'  + A)Bin>(A'  — il) 
"*"  ^ 

^^y  ^  Bin  A  Bin  }  (A"  +  ^0  sin  j  jA"  -  A')  ^^ 

XL 

Bin  A'  Bin  i{A  +  A")  sin  }  (A  —  ii^Q 


,   sin  A^^  Bin  \  {A'  +  A)  Bin  }  {A'  —  ^) 


where  rfp  is  divided  by  15,  since  it  will  be  expressed  in  seconds 
of  arc,  while  dT^  dT\  and  rfT"  are  in  seconds  of  time.  If  we 
first  compute  the  coefficients  of  the  value  of  d^Tj  those  of 
df  will  be  found  by  multiplying  the  former  respectively  by 
cot  J  {A'  +  A"\  cot  i  (A  +  A'%  and  cot  J  {A'  +  A),  and  also  by 
15  cos  ^.  It  is  well  to  remark,  also,  for  the  purpose  of  verifica- 
tion, that  the  sum  of  the  three  coefficients  in  the  formula  for  df 
must  be  =  0,  and  the  sum  of  those  in  the  formula  for  d^T mrxBt 
be  =  -  1. 

The  substitution  of  dX  for  dT  —  dT,  and  dk'  for  dT"—dT, 
will  reduce  the  above  expressions  to  a  more  simple  form,  which 
I  leave  to  the  reader. 

Example. — To  illustrate  the  above  method,  Qauss  took  the 
following  observations,  with  a  sextant  and  mercurial  horizon,  at 
Giittingen,  August  27,  1808.  The  double  altitude  on  the  sextant 
was  106°  18'  55".  The  time  was  noted  by  a  sidereal  clock 
whose  rate  was  so  small  as  not  to  require  notice. 
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•  Andromedee  T  =21»83»26' 
<>  Una  Minoria  T'  =21  47  30 
aZyree  2"==  22     5    21 

The  apparent  places  of  the  stars  were  as  follows : 


a  Andromeda  a  =  28*  58"  83*.88 
o  Vrsce  Minoris  a'  =  0  55  4 .70 
a,  Lyra  a"=:18  30  28.96 

Hence  we  find 

H  =  —  5»18'25".28 
}  («'  —  *)  =  30  7  25  .45 
i(t'  +  d)=      68     9  40.25 

log  cot  J  (»'—*)   0.2863973 
log  sin  U  n8.9661070 

log  m  sin  Jir         n9.2025048 


log  ton  }  (»'  +  S) 
log  cos  }  il 
log  m  cos  M 

log  ton  M 
logcos  JIf 
logm 


0.2069331 
9.9981348 
0.2050674 

n8.9974369 
9.9978645 
0.2072029 


d  =28°  2'14".8 
d'  =  88  17  6  .7 
8"  =  38    37    6  .6 


};'  =  44«59'55".28 


i{S"-»)=    6 
*(«"  +  »)  =  88 

log  cot  }(«"  —  *) 
log  sin  i  X 
log  ml  sin  M' 


17  25  .90 
19  40  .70 

1.0833869 
9.8494751 
0.8828620 


log  ton  }  (a"  +  d)  9.8179461 
log  cos  }  X'  9.8494949 

log  m'  cos  M'        9.6674410 


log  ton  M' 
log  sin  M* 
logm' 


1.2154210 
9.9991968 
0.8836657 


Jlf=  — 5°40'37".96 
U— Jf  =  iV=  +  0  22  12  .68 


M'  =  86<'  80*  65".07 
JA'— 2f'=J\r=— 41  80  59  .79 


«  =     11°  53'  41".28  log  ^  =  log  tan  *  9.8285872 

45°  —  *  =      88     6  18  .72  log  ton  (46°  —  *)  9.8142617 

J  (i\r'  —  J\0  =  —  20  56  86  .24  log  cot  \{N'  —  N)        n0.4171068 
t^\{N'-\-N)  =  —  b9  35  14  .71  log  ton  p  +  J  {N'-{-  IT)]  n0.2818680 
i(jr -ir N)  = —2fi  34  23  .56 

t  =  —  39    0  51  .15  =  —   2»  86"  8'.41 

a=       23  68   83.38 

«  +  a  =  e  =       21   22   29 .92 

T=      21  83   26. 

Clock  correction  aT=      —  10  56.08 


Then,  to  find  the  latitude,  we  have 
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«  + J\r=-- 88^88' 88".47 
log  cos  (t  +  N)  9.8926738 
logm  0.2072029 

log  tan  f  0.0998767 


«  +  JV^  =  -^80o81'60".94 
log  COB  (t  +  IT)  9.2162110 
log  m'  0.8836657 

log  tan  f  0.0998767 


^  =  bV  81'  6r'.46 

K  with  these  results  we  compute  the  true  altitude  of  the 
stars,  we  find  from  each  h  =  52°  87'  21''.2.  The  refraction  was 
42".7,  and  hence  the  apparent  altitude  =  62°  88'  3".9.  The 
double  altitude  observed  was,  therefore,  105°  16'  7".8.  The 
index  correction  of  the  sextant  was  —8'  80",  and  hence  the 
double  altitude  given  by  the  instrument  was  105°  15'  25", 
which  was,  consequently,  too  small  by  48". 

To  compute  the  differential  equations,  we  find 

A  =  298'»  45'.2     A'  =  182°  9'.1     A"  ^  90*  17'.9 

and  hence 

d^=  +  8.808  <Zr—  0.288  dr  —  8.519  dT" 
di^T=^  0.891  (Zr—  0.007  dT  —  0.602  dT' 

by  which  we  see  that  an  error  of  one  second  in  each  of  the 
times  would  produce  at  the  most  but  7".6  error  in  the  latitude, 
and  one  second  in  the  clock  correction. 

188.  Solution  of  the  preceding  problem  by  Cagnoli's  formulce. — 
After  Gauss  had  published  the  solution  above  given,  he  was 
himself  the  first  to  observe*  that  Cagnoli's  formulee  for  the 
solution  of  a  very  different  problemf  might  be  applied  directly 
to  this. 
When  the  altitude  is  also  computed,  Cagnoli's  formulae  have 
slightly  the  advantage  over  those  of  Gauss.  To 
Fig.  M.  (6m).  _  deduce  them,  let  g,  q\  q''  be  the  parallactic  angles 
at  the  three  stars,  or  (Fig.  26)  let 


q  =  PSZ, 
and  also  put 


q'  =  PS'Z,        q"  =  P8"Z, 


Q   =i(,PS"S'  —  PS'8") 
Q"  =  iiPS'S   —  PSS') 


*  Monatliehe  Correspondency  Vol.  XIX.  p.  87. 

t  Namely,  that  of  determining,  from  three  heliocentrie  places  of  a  solar  spot,  the 
position  of  the  san*s  equator,  and  the  deolination  of  the  spot. — See  Cagnoli's 
Trigonomitrie,  p.  488. 
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then,  mnce  ZSS',  ZS'S",  and  Z3S"  are  isosceles  triangles,  we 
have 

q  +  PSS'   =  PS'S  —  / 

S'  +  PS'S"  =  P8"S'  —  f 

q  +  PSS"  =  PS"S  —  j" 


whence 


?  +  /  =  2Q" 
S'  +  «"  =  2« 

q  +  ^  +  q"=Q+<i'+Q'' 

?  =  -  «  +  C  +  C" 

g' =     Q-Q'+Q"  K845) 


}■ 


Now,  g,  ^,  §"  are  found  from  the  triangles  PS"S',  PS''Sy 
and  PS'Sj  by  Napier's  Analogies  (Sph.  Trig.  Art.  78),  thus  : 

^      ^        sin}(a"  — O    ^w>'      ,N 
tan  C  = ^^ ^QoUfX—X) 

cos  J  (^"  +d')         ^         ^ 

COS  }  (^"  +  a)  /   ^      ^ 

COS  }  (a'  +  a) 

Inhere  il,  A'  are  the  angles  at  the  pole  found  as  in  the  preceding 
trticle.    With  these  values  of  Qy  ^,  ^',  those  of  g,  y',  and  g" 
become  known  by  (845). 
We  hitve  also 


whence 

and  from  this 

or 


COS  f  sin  (f  -|-  il*^  =  cos  h  sin  j' 
cos  f  sin  t  =  cos  h  sin  q 

sin  (t  +  X) sin  ^ 

sin  t  sin  q 

sin  (t  +  X)  -{-  sin  ^ sin  ^  +  sin  q 

sin  (t  +  >l)  —  sin  <        sin  j*  —  sin  q 

tan(f+U)^  tanKg'  +  g) 
tanji  tan  Kg'  — 2) 
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Substituting  the  values  of  q  and  q^  in  terms  of  Qy  this  gives 

tan  (t  +  iX)  =  tan  iX  tan  Q"  cot  (C  —  Q') 
or,  substituting  the  value  of  tan  Q"y 

tan  (t  +  iX)  =  "^""[Z^^Jl^^ot  (C  -  Q')  (347) 

cos  }  (^'  +  8) 

which  determines  <  +  J  il,  whence  t  and  the  clock  correction.  We 
can  now  find  the  latitude  and  altitude  from  any  one  of  the 
triangles  PSZ^  PS'Z,  PS"Z,  by  Napier's  Analogies  (Sph.  Trig. 
Art.  80) :  thus,  from  PSZwe  have 

tan  J(i^  +  A)  =  ^^\*(^  +  g>tan  (46-  +  H) 
cos  }  (^  —  J) 

tanKy-A)  =  ^"'*^^""^^  cot(45o  +  H) 
smi(t  +  q) 

andthen^  =  J(f +  A)  +  J(f-A),  A  =  J(^.+  A)-J(y>-A). 

As  all  the  angles  are  determined  by  their  tangents,  an  am* 
biguity  exists  as  to  the  semicircle  in  which  they  are  to  be  taken; 
but,  as  Gauss  remarks,  we  may  choose  arbitrarily  (taking,  for 
example,  ft  ft,  ft'  always  less  than  90°,  positive  or  negative 
according  to  the  signs  of  their  tangents),  and  then,  according  to 
the  results,  will  have  in  some  cases  to  make  the  following 
changes : 

1.  If  the  values  of  f  and  h  found  by  (348)  are  such  that 
cos^  and  sin  A  have  opposite  signs,  we  must  substitute 
180®  +  J  for  J  and  repeat  the  computation  of  these  two  equa- 
tions. In  this  repetition  the  same  logarithms  will  occur  as 
before,  but  differently  placed. 

2.  K  the  values  of  ^  and  h  exceed  90®,  we  must  take  their 
supplements  to  the  next  multiple  of  ISO®. 

8.  The  latitude  is  to  be  taken  as  north  or  south  according 
as  sin  f  and  sin  h  have  the  same  or  different  signs. 

No  ambiguity,  however,  exists  in  practice  as  to  <  +  JA,  found 
by  (347),  since  Q  —  ft  can  differ  from  its  true  value  only  by 
180®,  and  this  difference  does  not  change  the  sign  of  cot  (§  —  ft) : 
hence  tan  (<  +  JA)  will  come  out  with  its  true  sign;  and  between 
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the  two  values  of  <  +  }>l,  differing  by  180®,  or  12*,  the  observer 
will  be  at  no  loss  to  choose,  as  he  cannot  be  uncertain  of  his 
time  by  12*. 

Example. — ^Taking  the  example  of  the  preceding  article,  we 
shall  find 

Q  =  —  37**  57'  9".8     Q'=  +  Q^  17'  51".66     C"  =  —  84^  25'  28".81 

j=  —  Q  +  Q'  +  C"  =  —  40^  Ky  22".85 
t    =  —  89     0  51  .27 

i(t  +  g)  =  —  89<>  85'  87".06        J  (<  —  ^r)  =  +    0*>  84'  45".79 
J  (^  +  A)  =       52     4  86  .85        J  (^  —  A)  =  —    0    82  44  .84 
^   =       51    81  51  .5  A    =      52    87  21  .2 

189.  If  we  have  observed  more  than  three  stars  at  the  same  altitudey 
we  have  more  than  sufficient  data  for  the  determination  of  the 
latitude ;  but  by  combining  all  the  observations  we  may  obtain 
a  more  accurate  result  than  from  only  three.  This  combination 
is  effected  by  the  method  of  least  squares,  according  to  which 
we  assume  approximate  values  of  the  unknown  quantities  and 
then  determine  the  most  probable  corrections  of  these  values,  or 
those  which  best  satisfy  all  the  observations. 

Let  r,  T'y  T",  T'",  &c.  be  the  observed  times  by  the  clock 
when  the  several  stars  reach  the  same  altitude.  Let  a  The  the 
assumed  clock  correction  at  some  assumed  epoch  =  T^;  ^Tthe 
kniyiim  rate.  Let  <p  and  h  be  the  assumed  approximate  values  of 
the  latitude  and  altitude.  With  <p  and  A,  which  will  be  the  same 
for  all  the  stars,  and  with  the  declinations  3,  3',  3"^  &c.,  compute 
the  hour  angles  <,  <',  V,  &c.  and  the  azimuths  -4,  A\  A'\  &c.  If 
the  assumed  values  were  all  correct  and  the  observations  perfect, 
we  should  have  a  +  <=  T+  aTH-  3T{T—  T^);  for  each  of  these 
quantities  then  represents  the  sidereal  time  of  observation ;  but 
if  fj  hy  and  a T require  the  corrections  d<pj  dh^  and  d^T^  and  if 
dt  is  the  corresponding  correction  of  t,  we  shall  have 

a  +  t  +  dt=  T+  ^T  +  d^T  +  dT{T-^  T.) 

The  relation  between  d<pj  dh,  and  dt  is 

dh  =  —  cos  Ad^  —  15  cos  ^  sin  Adt 

and  a  similar  equation  of  condition  exists  for  each  star.    In  all 

Vol.  L— 1» 
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these  equations,  dh  and  df  are  the  same,  but  dt  is  different  for 
each.    If  we  put 

/   =  r   +^T+dTiT  -T,)-(ia   +t) 

/"=  r"  + Ar+dTcT"— To)  — (tt"  +  o     '  ^ 

&c. 
which  are  all  known  quantities,  we  have 

dt=f+d£^T,       dt'  =f  +  dAr,  Ac. 
and  the  equations  of  condition  become 

dh  +  oosA  .d^  +  lboo&fBinA  .d^T+lbcoB^sinA  ./  =^0 
dh+coBA'  .df  +  lbco&^BinA'  ,d^T+lbooB^»\nA' ./'  =0 
dh  +  oosA".df  +  UooHfBinA",d/iT+lbco8fBinA",f'  =  0  (    (®^®) 
&c. 

from  which,  by  the  method  of  least  squares,  the  most  probable 
values  of  dh,  rfp,  and  d^T  are  determined.  The  true  values  of 
the  altitude,  latitude,  and  clock  correction  will  then  be  A  +  rfA, 
f  +  df,  £iT+d^T. 

The  hour  angles  will  be  computed  most  accurately  by  (269), 
which  is  the  same  as  the  following : 

tan'  t  f  ^  s^°  KC  ~  y  +  ^)  Bin  |(C  +  y  -  ^) 
cos  J  (C  +  s^  +  d)  cos  }  (C  —  ^  —  d) 

In  which  f  =  90^  —  h ;  and  the  azimuths  by 

tan«  k A  =  »'"^  t(g  — f^  +  ^)cosKC  — y  — 0 
cos  J  (C  +  ?>  +  ^)  sin  J  (C  +  ^  -^  a) 

Since  f  and  Z  ^^  constant,  it  will  be  convenient  to  put 


then 


sin  (c  +  id)  sin  (b^iS) 

cos  (6  +  }  a)  cos  ((?  ~  J  d) 


tan«}  *  =  mn  tan«J4  =  -  (851) 


The  barometer  and  thermometer  should  be  observed  with  eaoh 
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altitude,  and  if  they  indicate  a  sensible  change  in  the  refraction 
a  correction  for  this  change  must  be  introduced  into  the  equations 
of  condition.  Thus,  if  r^  is  the  refraction  for  the  altitude  h  for 
the  mean  height  of  the  barometer  and  thermometer  during  the 
whole  series,  while  for  one  of  the  stars  it  is  r,  then  the  assumed 
altitude  requires  for  that  star  not  only  the  correction  dh,  but  also 
the  correclion  r  —  r^.  Hence,  if  we  find  the  refractions  r,  r\  r", 
Ac.  for  all  the  observations,  and  take  their  mean  r^„  we  have  only 
to  add  to  the  equations  of  condition  respectively  the  quantities 

J£  any  one  of  the  stars  is  observed  at  an  altitude  h^  slightly 
different  from  the  common  altitude  A,  we  correct  the  correspond 
ing  equation  of  condition  by  adding  the  quantity  h  —  h^. 

190.  We  may  also  apply  the  preceding  method  to  the  case 
where  there  are  but  three  observations.  The  final  equations  are 
then  nothing  more  than  the  three  equations  of  condition  them- 
selves, from  which  the  unknown  quantities  will  be  found  by 
simple  elimination.  It  will  easily  be  seen  that  this  elimination 
leads  to  the  expressions  for^  and  (Z  a  7"  already  given  on  p.  284, 
if  we  there  exchange  dTy  dT'y  and  dT^'  for/,/',  and/"  respect- 
ively. We  can  simplify  the  computation  by  assuming  a  2^  so  as 
to  make  one  of  the  quantities  /,  /',/''  zero.  Thus,  we  shall 
liave/=  0  if  we  determine  A^by  the  formula 

Ar==:a  +  r— [T+^rcT—  r^)]  (852) 

then,  finding/'  and/''  with  this  value,  and  putting 

„_ Bin  M'  cos  i  A' , 

~sin}(^'— A)8in}(A"— A')  *"' 

„, sin  M"  cos  M'^ .„ 

""  Bini(A"  — A)0ini(^"  — ^0 
we  shall  have  the  following  formulae: 

dAT=  —  A'sin  } (il  +  A")  +  r  sin  }  (il'+  A) 
dtp 


15  cos  f 


=  —  A'coBJC^  +  ^")  +  A["  COB  }(.!'+  A) 

=  +  *'C08  J(il"  —  it)  —  rC08}(il'—  A) 


15coB^-      —^^—^-J^-—y-T^,      ^     (853) 
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Example. — Taking  the  three  ohservations  ahove  eniployed, 
and  assuming  the  approximate  values 

^T=  —  11-  ()•,     f  =  bl^  82'  0",     A  =  52<>  87'  0", 

we  shall  find,  by  (861), 

f  =  _  2»  86-  S-.SO      ^^  =  —  8»  19-  SS-.eS      f  =  8»  28-  58'.25 
^  =  ^  66^  15'.2         A'  =  —  177^  50'.2        A"  =  90«  18M 

By  (849),  putting  in  this  case  ^r=  0,  we  then  have 

/  =  —  1*.83       /'  =  +  SO-.QS       /"  =  —  6'.21 

and  the  equations  of  condition  (850)  become 

dh  +  0.4027  df  —  8.5410  <f  aT  +  15.68  =  0 
dh  —  0.9993  df  —  0.8522  di^T—  28.51  =  0 
dh  —  0.0058  df  +  9.8808  (Z  a  T  —  57.94  =  0 

whence 

rf  A  r  =  +  8'.92        d^  =  —  8".58        dh  =  +  2r'.81 

and  the  true  values  of  the  required  quantities  are,  therefore, 

A  T  =  —  10-  56*.08      f  =  61<>  81'  51".42      A  =  52<>  87'  21".81 

agreeing  almost  perfectly  with  the  values  before  found. 

Since  in  this  example  there  are  but  three  observations,  we 
may  also  employ  the  formula  (353),  first  assuming 

Ar=  — 10-58M7 

which  is  the  value  given  by  (852).    With  this  we  find 

/'  =  +  82*.78  /"  ==  —  4*.88 

log  f  =  0.4199  log  A"  =  nO.4982 

and  by  (853)  we  shall  find 

d  A  T  =  +  2*.09        df  =  ^  8".58        dh  =  +  21".81  • 

!lQ[ence  the  true  clock  correction  is  —  10*  68M7  +  2'.09  = 
—  10""  56'.08;  and  the  values  of  the  latitude  and  altitude  also 
agree  v^th  the  former  values. 


BY  TRANSITS.  298 

191.  We  may  here  observe  that,  theoretically,  the  latitude 
might  be  found  also  from  three  different  altitudes  of  the  same 
star  and  the  differences  of  azimuth ;  for  we  should  then  have 

Bin  ^  =  sin  f  sin  h   -\-  cos  ^  cos  A  cos  A 

sin  ^  =  sin  ^  sin  h'  +  cos  ^  cos  A'  cos  (^1  +  ^  ) 

Bin  d  =  sin  f  sin  A"  +  cos  q>  cos  A"  cos  (A  +  X') 

in  which  A  is  the  azimuth  of  the  star  at  the  first  observation, 
and  the  differences  of  azimuth  A  and  X'  are  supposed  to  be  given. 
The  solution  of  Art  187  may  be  applied  to  these  equations  by 
writing  A  for  d  and  A  for  t 

Again,  there  might  be  found  from  three  different  altitudes  of 
the  same  star  not  only  the  latitude  and  time,  but  also  the  decli- 
nation of  the  star;  for  we  then  have 

sin  A   =  sin  f  sin  d  -^  cos  ^  cos  d  cos  t 

sin  A'  =  sin  ^  sin  ^  +  cos  f>  cos  ^  cos  (^  +  il ) 

Bin  A"  =  sin  f>  sin  ^  -|-  cos  f  cos  d  cos  (t  +  A') 

from  which  we  can  readily  deduce  ^,  t,  and  8.  But  the  method 
is  of  no  practical  value,  as  the  errors  of  observation  have  too 
much  influence  upon  the  result. 

KINTH  METHOD. — BT  THE  TRANSITS    OF    STARS  OVER  VERTICAL 

CIRCLES. 

192.  We  may  observe  the  time  of  transit  of  a  star  over  any 
vertical  circle  with  a  transit  instrument  (or  with  an  altitude  and 
azimuth  instrument,  or  common  theodolite) ;  for  when  the  rota- 
tion axis  is  horizontal,  the  coUimation  axis  will,  as  the  instru- 
ment revolves,  describe  the  plane  of  a  vertical  circle.  For  any 
want  of  horizontalily  of  the  rotation  axis,  or  other  defects  of 
adjustment,  corrections  must  be  applied  to  the  observed  time  of 
transit  over  the  instrument  to  reduce  it  to  the  time  of  transit 
over  the  assumed  vertical  circle.  These  corrections  will  be 
treated  of  in  their  proper  places  in  Vol.  11. ;  and  I  shall  here 
assume  that  the  observation  has  been  corrected,  and  gives  the 
clock  time  T  of  transit  over  some  assumed  vertical  circle  the 
azimuth  of  which  is  A.  The  clock  correction  a  T  being  known, 
we  have  the  star's  hour  angle  by  the  formula 

t=  T+  aT—  a 


294  LATITUDE. 

and  then,  the  declination  of  the  star  being  given,  we  have  the 
equation  [from  (14)] 

cos  ^  sin  ^  —  tan  d  cos  ^  =  sin  ^  cot  A  (^^) 

If,  then,  A  is  also  known,  the  latitude  f  can  be  found  by  this 
equation.  Let  us  inquire  under  what  conditions  an  accurate 
result  is  to  be  expected  by  this  method.  By  diflferentiating  the 
equation,  we  find  [see  (51)] 

^^co8gco8a^_tan£^^^       sing 
cos  C  sm  A  sm  A  cos  C  sm  A 

from  which  it  appears  that  sin  A  and  cos  (^  must  be  as  great  as 
possible.  The  most  favorable  case  is,  therefore,  that  in  which 
the  assumed  vertical  circle  is  the  prime  vertical^  and  the  star's 
declination  differs  but  little  from  the  latitude ;  for  we  then  have 
A  =  90®  and  f  small.  Indeed,  these  conditions  not  only  increase 
the  denominator  of  the  coefficient  of  rf/,  but  also  diminish  its 
numerator,  since,  by  (10),  we  have 

cos  q  cos  d  =  sin  C  sin  f  -f-  cos  C  cos  ip  cos  A 

which  vanishes  wholly  when  the  star  passes  through  the  zenith. 
Moreover,  if  the  same  star  is  observed  at  both  its  east  and  west 
transits  over  the  prime  vertical,  we  shall  have  at  one  transit  sin 
X  =  —  1,  at  the  other  sin  -4  =  +  1,  and  the  mean  of  the  two 
resulting  values  of  the  latitude  will,  therefore,  be  wholly  free 
from  the  effect  of  a  constant  error  in  the  clock  times,  that  is,  of 
an  error  in  the  clock  correction.  It  is  then  necessary  only  that 
the  rate  should  be  known.  This  method,  therefore,  admits  of  a 
high  degree  of  precision,  and  requires  for  its  successful  applica- 
tion only  a  transit  instrument,  of  moderate  dimensions,  and  a 
time-piece.  Its  advantages  were  first  clearly  demonstrated  by 
Bessbl^  in  the  year  1824 ;  but  it  appears  that  very  early  in  the 
last  century  Romer  had  mounted  a  transit  instrument  in  the 
prime  vertical  for  the  purpose  of  determining  the  declinations  of 
stars  from  their  transits,  the  latitude  being  given.  The  details 
of  this  important  method  will  be  given  in  Vol.  11.,  under 
"  Transit  Instrument." 

*A9tr<mom.  Naeh.,  VoL  III.  p.  9. 
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198.  It  may  BometimeB  be  possible  to  observe  transits  only  over 
some  vertical  circle  the  azimuth  of  which  is  undetermined.  We 
must  then  observe  either  two  stars,  or  the  same  star  on  opposite 
sides  of  the  meridian.   We  shall  then  have  the  two  equations 

cos  t .  tan  A  sin  ^  —  tan  d  .  tan  A  cos  ^  =  sin  ^ 
cos  f .  tan  il  sin  f  —  tan  d' .  tan  A  cos  ^  =  sin  ^ 

firom  which  the  two  unknown  quantities  A  and  ^  can  be  deter- 
mined. K  the  same  star  is  observed,  we  shall  only  have  to  put 
d'  =  d.  Regarding  tan  A  sin  <p  and  tan  A  cos  tp  as  the  unknown 
quantities,  we  have,  by  eliminating  them  in  succession, 

.    .  sin  t  sin  d'  cos  d  —  sin  f'  cos  d'  sin  d 

tan  ii  sin  f  = 

cos  t  sin  d'  cos  d  —  cos  f  cos  d'  sin  d 

.       .  —  sin  (f  —  t)  cos  d'  cos  d 

tan  -4  cos  f  = ^^ — 

cos  t  sin  d'  cos  d  —  cos  if  cos  d'  sin  d 


If  we  introduce  the  auxiliaries  m  and  My  such  that 

m  sin  if  =  sin  {d'  +  d)  sin  \  {V  —  0 
m  cos  Jf  =  sin  (a'  —  d)  cos  J  (^  —  t) 


I  (855) 


we  shall  easily  find 

m  sin  [}  (f  -\-f)  —  JT)  =  sin  t  sin  d'  cos  d  —  sin  ^^  cos  d'  sin  d 
m  cos  [}  (f  +t)  —  M}  =  cos  t  sin  d'  cos  d  —  cos  t'  cos  ^'  sin  ^ 
m  sin  [J  («'—  0  —  -Sf]  =  —  sin  (f  —  t)  cos  d'  sin  d 

and  hence 

tan  -A  sin  f^  =  tan  [}  (f  +  t)  —  Jf]  \ 

tan^coss.^^''^"^^^^)^^^^^^^  (386) 

cos  H(f+t)-^M^  ) 

which  determine  A  and  ^  by  a  simple  logarithmic  computation. 
The  solution  will  be  still  more  convenient  in  the  following  form : 

tanJf^tanK^-Q'^°^'^  +  '^ 
sin  (^'  —  d) 

X      .sinrK^  +  O— JTI  . 

sin  f 


296  LATITUDE. 

If  the  same  star  is  observed  at  each  of  its  transits  over  the 
same  vertical  circle,  we  have  d'  =  8,  and  hence  tan  if  =  00, 
Jl£=  90°,  which  gives 

tan  ^  =  tan  d =-^ — ! — ^  tan  ^i  == ^\   ^  /     (858) 

COB  K^  —  0  ®i°  9 

If  the  same  star  is  observed  twice  on  the  prime  vertical,  we 
must  have  <'  +  <  =  0,  since  tan  J.  =  00 ;  and  then, 

.  tan  d  tan  d  /oca\ 

tan  v>  = = (859) 

cos  J  (f  — - 1)       cos  t 

which  follows  also  from  (354)  when  cot  J.  =  0 ;  or,  geometrically, 
from  the  right  triangle  formed  by  the  zenith,  the  pole,  and  the 
star,  as  in  Art.  19. 

K  the  latitude  is  given,  we  can  find  the  time  from  the  transits 
of  two  stars  over  any  (undetermined)  vertical  circle  by  the  second 
equation  of  (867),  which  gives 

sin  [}  (f  +  t)  —  Jf]  =^^?:?-^Bin  [J  (f—t)  —  Jf] 
tan  d 

for  the  observation  furnishes  the  elapsed  time,  and  hence  i'  —  t; 
and  this  equation  determines  ^{f  +  i)y  and  hence  both  t  and  t'. 

If  the  latitude  and  time  are  given,  we  can  find  the  declination 
of  a  star  observed  twice  on  the  same  vertical  circle,  by  (358). 
When  the  observation  is  made  in  the  prime  vertical,  this  becomes 
one  of  the  most  perfect  methods  of  determining  declinations. 
See  Vol.  n..  Transit  Instrument  m  ttie  Prime  VerticaL 

194.  The  following  brief  approximative  methods  of  deter- 
mining the  latitude  may  be  found  useful  in  certain  cases. 

TENTH    METHOD. — BT  ALTITUDES    NEAR    THE    MERIDIAN    WHEN    THB 
TIME  IS   NOT   KNOWN. 

195.  (A.)  By  two  altitudes  near  the  meridian  and  the  chronometer 

Hmes  of  the  observations,  when  the  rate  of  the  chroTwmeter  is  known^ 

but  not  its  correction. 

Let 

A,  A'  =  the  true  altitudes, 

r,  T'  =  the  chronometer  timeSi 

T=j(r— r) 
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then,  t  and  f  being  the  (unknown)  hour  angles  of  the  observations, 
we  have,  by  (287),  approximately, 

in  which  h^  is  the  meridian  altitude,  and 

225  sin  1"  cos  ^  cos  d 


a  = 


2  cos  Aj 


The  mean  of  these  equations  is 

and  their  difference  gives 

h^V  =  a(1f  —  t)(f+t) 
But  we  have 

T  =  i(r-^T)  =  i(f-t) 

in  which  we  suppose  the  interval  T'—  Tto  be  corrected  for  the 
rate  of  the  chronometer.    Hence 

2  ar 

which,  substituted  in  the  above  expression  for  Aj,  gives 

h^  =  J(A  +  A')  +  ar*  +  [*(^-^0y  ^8go^ 

According  to  this  formula,  the  mean  of  the  two  altitudes  is 
reduced  to  the  meridian  by  adding  two  corrections:  1st,  the 
quantity  ar*,  which  is  nothing  more  than  the  common  "reduc- 
tion to  the  meridian"  computed  with  the  half  elapsed  time  as  the 
hour  angle ;  2d,  the  square  of  one-fourth  the  difference  of  the 
altitudes  divided  by  the  first  correction. 

Kwe  employ  the  form  (286)  for  the  reduction,  we  have 

h,  =  i(h  +  A')  +  Am  +  l^n^-^Or  ^ggi) 

Am 
in  which 

-        coscycosd  2  sin*  J  r 

cos  A^  sm  1" 

and  m  is  taken  from  Table  V,  or  log  m  from  Table  VI. 
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Example  1. — ^From  the  observations  in  the  example  of  Art» 
171, 1  select  the  following,  which  are  very  near  the  meridian. 


Obad.  sltB.^ 

True  alto.  Q 

Clironometer. 

50°5'42".8     A'  = 

60»21'    7".6 

28»  60-  46'.5 

60    7  25  .5     h    = 

60    22  60  .4 

0     0  87.5 

i(h-h')  = 

26.7 

r=         4   65.5 

Hh  +  h')  = 

60   21  69  .0 

Am  = 

+  69.0 

log  m                    1.6778 

2d  corr.  = 

+  11  .2 

log  A                     0.0980 

K  = 

60    28     9.2 

log^m                   1.7708 

.  c.  = 

89   86  50  .8 

log  [J  (A  —  A')]'    2.8198 

».  =■ 

-  1    48    9  .2 

log  2(i  corr.           1.0490 

^    =     37    48  41  .6 

Example  2. — ^In  the  same  example,  the  jGirst  and  last  observa- 
tions, which  are  quite  remote  from  the  meridian,  are  as  follows : 

Chronometer. 

2S»  87-  86- 

0  18    81 


Obsd.  kits.  Q 
49»  61'  19".8 
49    50  24 

i(A 

h 
h' 
-A') 

True  alu.  Q 
=  50"  6'  48".7 
=  50    6  48  .4 
=            18  .8 

^  gi 

ve  Am  = 

16' 

68",  and*  the 

T=         20    28 

which  give  -Am  =  16'  58",  and  the  2d  corr.  =  0".2,  whence 
^  =  87°  48'  37". 

This  simple  approximative  method  may  frequently  be  useAil 
to  the  traveller,  and  especially  at  sea,  where  the  meridian  obser- 
vation has  been  lost  in  consequence  of  flying  clouds.  At  sea, 
however,  the  computation  need  not  be  carried  out  so  minutely 
as  the  above,  and  the  method  becomes  even  more  simple.  6ee 
Art  204. 

M.  V.  Caillet*  gives  a  method  for  the  same  purpose,  which  is 
readily  deduced  from  the  above.    Put 

A  =A'  — A  T^=  T'—T=2r 

then  (860)  becomes 

^2^4         4aT'» 
4at'» 

- 

*  TroUi  d€  Natfi0atUm  (2d  edition,  PmIs,  1867),  p.  819. 
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or,  putting 

mat: ^l,|-_,^^l 

sin  V^ 
A,  =  A  +  (*±^'  (862) 

in  which  A  is  the  altitude  farthest  from  the  meridian.  Although 
this  reduces  the  two  corrections  of  (361)  to  a  single  one,  the 
computation  is  not  quite  so  simple. 

196.  (B.)  By  three  altitudes  near  the  meridian  and  the  chronometer 
times  of  the  observatianSj  when  neither  the  correction  nor  the  rate  of  the 
chronometer  is  known. — ^In  this  case  we  assume  only  that  the  chro- 
nometer goes  vnifomdy  during  the  time  occupied  by  the  observa- 
tions.   Let 

Ay  V,  h**  =z  the  tme  altitudes, 

T,  T,  T"  =  the  chronometer  times, 

T|   =  the  chronometer  time  of  the  greatest  altitude. 

K  we  introduce  the  factor  for  rate  =  A,  according  to  Art.  171, 
the  formula  for  the  reduction  to  the  meridian  by  Gauss's  method 
is,  approximately, 

h^  =  h  +  akt* 

in  which  t  is  the  time  reckoned  from  the  greatest  altitude.  De- 
noting  ak  by  a,  we  have  then,  from  the  three  observations, 

h,  =  h  +  a(iT  -^T,y  ^ 

h^  =  h'+a  {T  —  T^y  y    (368) 

A,  =  A"+a(r'-7;)«  j 

which  three  equations  suffice  to  determine  the  three  unknown 
quantities  a,  7\,  and  A^.  By  subtracting  the  second  from  the 
first,  and  the  third  from  the  second,  we  obtain 

*    ""*'  ==a(!r'  +  T)  —  2aT^ 


h'    —A" 


yw rpt 

and  the  difference  of  these  is 

h'  —  h"        h~  h' 


=  a(r"+  TO  — 2a2; 


rptt rp'  rpt m  \  "^  ) 
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If,  then,  we  put 

second  observation, 


6  = =  the  mean  change  of  altitude  in  one  second 

rpt rp  o 

"*         -^        of  the  chronometer  from  the  first  to  the 


=  ditto  from  the  second  to  the  third  obser- 


we  have 


vation, 


c  —  b 


rptt rp 

Having  thus  found  T^^  we  can  find  h^  from  any  one  of  the  equa*^ 
tions  (868),  all  of  which  will  give  the  same  result  if  the  compu- 
tation is  correct.* 

Example. — ^From  the  observations  in  the  example  of  Art  171 
I  select  the  following  three  observations: 


Obgd.  alts.  Q 

True  rits.  0 

CliTononi«ter. 

50°  5'  42".8 

h  =50°  21'    7".6 

T  =28»50-46'.5 

50    7  27  . 

K  =  50    22  51  .9 

T'  =  28  55    16  . 

50    7  26  .5 

A"  =50    22  50  .4 

T"=   0    0   87.6 

A 

—  h'=  —  104".8 

T'  —  T  =  269'.5 

6  =  —  0.8869 

h' 

-  A"  =  +      1  .5 

T"—  I"  =821 .6 
T"—T=  591 . 

c  =  +  0.0047 
c— 6  =  +  0.8916 

Kr+  2") 
b 
2> 

=  23»  58-    1'.8 

log  a  =  6.8218 

=  +     4    52  .0 

log(2'—2\)'  =  5.2604 

T, 

=  28  57   58 .8 

loga(r—r,)«  =  2.0817 

r—  r,  =  - 

-  7-  6'.8 

A 

= 

50°  21'    7".6 

a(r-TJ' 

= 

+      2    0.7 

K 

= 

50    28    8  .8 

c, 

— — 

89    86  51  .7 

«i 

=  ■ 

—  1    48    9  .2 

f^  =    87    48  42  .5 

The  mean  of  the  three  values  found  from  these  altitudes  in  Art. 
172  is  87°  48'  42".8. 

*  This  method  is  essentially  the  same  as  that  proposed  by  Littbow  (A»tiimomi0, 
Vol.  I.  p.  171.)  I  haye  here  rendered  it  applicable  to  the  sun  without  considering 
the  change  of  declination,  by  introducing  Gauss's  form  for  the  redaction  to  the 
meridian. 
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197.  (C.)  By  two  altitudes  or  zenith  distances  near  the  meridian 
and  the  difference  of  the  azimuths. — If  the  observer  has  no  chrono- 
meter, he  may  still  obtain  his  latitude  by  circnmmeridian  alti- 
tudes, if  he  observes  the  altitudes  with  a  universal  instrument, 
and  reads  the  horizontal  circle  at  each  observation,  taking  care, 
of  course,  that  the  star  is  always  observed  at  the  middle  vertical 
thread.  As  this  instrument  generally  gives  directly  the  zenith 
distances,  we  shall  substitute  ^  for  90®  —  A.  We  have  the  equa- 
tion 

Bin  d  =  sin  f  cos  C  —  cos  f  sin  C  cos  A 
=  sin  (f  —  C)  +  2  cos  ^  sin  C  sin' Jil 

whence 

cos  J  (f»  +  *  —  0  sin  J  [C  —  (f  —  *)]  =  cos  f  sin  C  sin'  J  A 
But 

<p  —  ^  =  Ci  ^  the  meridian  zenith  distance; 

and  hence 

sin  i(C  -  CO  =  <^o«^B^^gB^n'M 

which  expresses  the  reduction  to  the  meridian  =  ^  —  {^^  when 
the  absolute  azimuth  A  is  given.  If  the  observation  is  very 
near  the  meridian,  we  may  neglect  J  (C  ""  Ci)  ^^  ^^  denominator 
of  the  second  member,  and  take 

cos  y  sin  Ci    2  sin'  J  A 

*  cos  d  sin  I" 

or,  patting 

^^cosysinCsinr  (366) 

cos  ^  2  ^      ^ 

C  — Ci^aA'  (367) 

from  which  it  follows  that  near  the  meridian  the  reduction  of  the 
zenith  distance  varies  as  the  square  of  the  azimuth. 
Now,  when  we  have  taken  two  observations,  we  have 

Cj  =  C  —  aA' 
whence,  putting 
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we  deduce  the  following  equation,  analogous  to  (360), 

Here  r  is  equal  to  one-half  the  difference  of  the  readings  of  the 
horizontal  circle,  and  is  therefore  known ;  and  the  computation 
is  entirely  similar  to  thiat  of  the  formula  (360). 

198.  (D.)  By  three  altitudes  or  zenith  distances  near  the  meridian 
arid  the  differences  of  azimuths. 

Supposing  the  observations  taken  with  a  universal  instru- 
ment, let 

Z,Zl,C  =  the  true  zenith  distances, 
Af  A'f  A"  =  the  readings  of  the  horizontal  circle, 


we  shall  have,  by  the  preceding  article, 


C,=  C  -a(A  ^A,y 

C,=  C  -aiA'  ^A,y  y   (369) 

C,=  r-a(4"-il,)« 


} 


in  which  A^  is  the  (unknown)  circle  reading  in  the  meridian, 
and  a  is  the  (unknown)  change  of  zenith  distance  for  1''  of  azi- 
muth. These  equations  are  solved  in  the  same  manner  as  (863); 
and  hence  we  have  the  formulas 


A,= 


b=^-' 

A' -A 

A"  — A! 
c-b 

a  = 

A"  — A 

A  +  A'       b 
2              2a 

A'+A" 

c 
~2i 

(870) 


which  determine  a  and  Ayy  after  which  {^is  found  by  any  one  of 
the  equations  (369).* 


*  In  this  oonnection,  see  an  ftviide  by  Littbow  In  Zaoh's  Mfmatliehe  CwrttpandaOt 
Vol.  X.  (1824). 
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ELEVENTH  METHOD. — BY  THE  RATE  OF  CHANQB  OF  ALTITUDES  NEAK 
THE  PRIME  VERTICAL.* 


199.  We  have,  Art.  149, 


=  cos  ^  sin  A 


\bdt 

If  then  we  observe  two  altitudes  near  the  prime  vertical  in  qnick 
succession,  noting  the  times  by  a  stop-watch  with  as  great  pre- 
cision as  possible,  and  denote  the  difference  of  the  altitudes,  or 
of  the  zenith  distances,  by  <f{^,  and  the  difference  of  the  times  by 
(A,  we  shall  have 

008  f  =  — ^—  cosec  A  (371) 

\bdt 

The  observation  being  made  near  the  prme  vertical,  an  error  in 
the  supposed  azimuth  A  will  have  but  small  influence  upon  the 
result.  If  the  observation  is  exactly  in  the  prime  vertical,  or 
within  a  few  minutes  of  it,  we  may  put 


(872) 


This  exceedingly  simple  method,  though  not  susceptible  of 
great  precision,  may  be  very  useful  to  the  navigator,  as  it  is 
available  when  the  sun  is  exactly  east  or  west,  and,  consequently, 
when  no  other  method  is  practicable,  and,  moreover,  requires 
no  previous  knowledge  of  the  time  or  the  approximate  latitude, 
or  of  the  star's  declination.f 

Example. — 1858  July  8,  Prbstbl  observed,  near  the  prime 
vertical,  the  time  required  by  the  sun  to  change  its  altitude  by  a 
quantity  equal  to  its  apparent  diameter,  by  observing  with  a 
sextant  first  the  contact  of  the  lower  limb  with  its  image  in  an 
artificial  horizon,  and  then  the  contact  of  the  upper  limb  with 


•  PKSBnx.,  in  Attrwa.  Naeh,,  Vol.  XXXVII.  p.  281. 

f  Sinoe  the  star's  deolination  is  not  required,  this  method  has  the  additional 
adyantage  (which  may  at  times  be  of  great  importance  to  the  traveller)  of  being 
practicable  without  the  we  of  the  EphemerU,  This  feature  entitles  this  method  to  a 
prominent  place  in  works  on  navigation. 
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its  image,  the  sextant  reading  being  the  same  at  both  obserra* 
tions,  namely,  80°  15'  0".    He  found 

Chronometer. 
Contact  of  lower  limb,  4*48"34«.    P.!! 
«  upper    "       4  47      5.6 

8    81.5 

The  sun's  diameter  was  81'  82".    Hence  we  have 

(fC  =  31'  82"    =  1892"  log  8.2769 

dt  =   8«  81v5  ==   211v5  ar.  co.  log  7.6747 

log  tV  8.8289 

f»  =  58°  28'.5  log  cos  ^  9.7755 

The  azimuth,  however,  was  not  exactly  90®,  but  about  88®  20'. 
Hence  we  shall  have,  more  exactly, 

9.7755 
il  =  88<*20'  log  cosec  A  0.0002 

f»  =  53    22.8  log  cos  ^      9.7757 

It  is  evident  that  the  method  will  be  more  precise  in  high  lati- 
tudes than  in  low  ones. 

FINDING  THE  LATITUDE  AT  SEA. 

First  Method. — By  Meridian  Altitudes. 

200.  This  is  the  most  common,  as  well  as  the  simplest  and 
most  reliable,  of  the  methods  used  by  the  navigator.  The  alti- 
tude is  observed  with  the  sextant  (or  quadrant)  from  the  sea 
horizon,  and,  in  addition  to  the  corrections  used  on  shore,  the 
dip  of  the  horizon  is  to  be  applied.  The  true  altitude  being 
deduced,  the  latitude  is  found  by  (277)  or  (278),  Art.  161. 

At  sea  the  time  is  seldom  so  well  known  as  to  enable  the 
navigator  to  take  the  star  at  the  precise  instant  of  it^  meridian 
passage.  But  the  meridian  altitude  of  a  star  is  distinguished  as 
the  greatest,  to  secure  which  the  observer  commences  to  measure 
the  star's  altitude  some  minutes  before  the  approximately  com- 
puted time  of  passage,  and  continues  to  observe  it  until  he  per- 
ceives it  to  be  falling.  The  greatest  of  all  his  measures  is  then 
assumed  as  the  meridian  altitude. 
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The  most  common  practice  in  the  case  of  the  sun  is  to  bring 
the  lower  limb,  reflected  in  the  mirrors  of  the  instrument,  to 
touch  the  sea  horizon  seen  directly  (a  few  minutes  before  noon), 
and  then  by  the  tangent  screw  to  follow  the  sun  as  long  as  it 
rises,  never  reversing  the  motion  of  the-  screw ;  as  soon  as  the 
sun  begins  to  fall,  the  limb  will  appear  "  to  dip"  in  the  sea  by 
lapping  over  the  line  marking  the  horizon.  Hence,  when  the 
sun  "dips,"  the  observation  is  complete,  and  the  instrument  is 
read  off.  But,  as  the  waves  of  the  sea  cause  the  ship  to  rise  and 
fell,  the  depression  of  the  sea  horizon  is  constantly  fluctuating 
by  the  small  amount  due  to  the  change  in  the  height  of  the 
observer's  eye :  it  is,  consequently,  impossible  to  keep  the  sun's 
reflected  image  in  constant  contact  with  the  horizon.  Expe- 
rienced observers  advise,  therefore,  to  observe  and  read  off 
separate  altitudes  in  rapid  succession,  continuing  until  the 
numbers  read  off  decidedly  decrease ;  the  greatest  is  then  taken 
as  the  meridian  altitude,*  or,  still  more  accurately,  the  mean  of 
the  greatest  and  the  two  immediately  adjacent  may  be  taken  as 
the  meridian  altitude,  free  from  the  inequalities  produced  by  the 
motion  of  the  eye. 

201.  The  greatest  altitude,  however,  is  not  the  meridian  alti- 
tude,  except  in  the  case  of  a  fixed  star.  To  find  the  correction 
for  a  change  of  declination,  we  have,  for  the  time  {d)  from  noon 
when  the  sun  is  at  the  greatest  altitude,  the  formula  (294),  or 

^ a9  sin  (<p  —  d) 

^  810000  sin  1"  '  cos  9^  cos  ^ 

in  which  a^  is  the  hourly  change  of  declination  expressed  In 
seconds.  The  reduction  of  the  maximum  altitude  to  the  meri- 
dian altitude  is  the  quantity  y.  Art.  172,  or 

_  (15»?)»  sin  1"    cos  9?  cosd 
2  sin  (9?  —  d) 

These  formulse  give  t?  in  seconds  of  time  and  y  in  seconds  of  arc. 
For  nautical  use,  let 

a  =  the  change  of  altitude  (expressed  in  seconds  of  arc)  in 
one  minute  of  time  from  the  meridian; 

*  Bapb&,  Praetiee  of  Navigation  (4th  edition,  1862),  p.  226. 
Vol.  L— 20 
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then,  by  (287),  putting  t  =  60*, 


and  therefore 


810000  Bin  1"    cos  «»  COB  a  ,^^^^ 

a  = (873^ 

2  Bin(sP  — ^)  ^      • 


2a 


^      \  60  /  4a 


The  value  of  a  is  given  in  Bowditch's  Navigator,  Table  XXXIL, 
with  the  arguments  tp  and  d. 

If  we  express  ^3  in  minutes  of  arCy  we  shall  have  d^  in  minutes  of 
time  and  y  in  seconds  of  arc,  by  the  formulae* 

^  =  —  y  =  ^—L-  (874) 

2a  ^         4a  ^      ^ 

These  formulas  may  be  used  also  for  the  moon  or  a  planet.    The 

greatest  value  of  ^i  for  the  sun  is  1',  namely,  at  the  equinoxes 

when  d  =  0 ;  and  in  this  case,  if  the  latitude  is  70°,  we  have 

a  =  0.7  and 

1" 

y= — = =  0".86 

4  X  0.7 

a  quantity  altogether  insensible  in  nautical  practice. 

For  the  moon,  however,  we  may  have  ub  =  18',  and  for 
ip  =  70°  the  least  value  of  a  =  0.6,  whence 

=  _(!?)!_  =  185"  =  2'  16" 
^       4  X  0.6 

Even  this  (which,  it  must  be  observed,  is  for  an  extreme  case) 
is  usually  neglected  by  navigators,  who  regard  observations  of 
the  moon  for  latitude  as  but  approximations,  on  account  of  the 
frequent  indeterminate  character  of  the  sea  horizon  as  seen 
under  the  moon.f 

202.  When  the  ship  is  in  motion,  the  change  of  latitude  pro- 
duces the  same  effect  upon  the  observed  maximum  altitude  as 
an  equal  change  of  declination.  Thus,  as  in  the  last  example 
of  the  preceding  article,  if  a  ship  in  latitude  70°  sail  due  north 

♦  BowDiTGH,  Praetieal  Navigator ,  p.  169. 

f  Ravbb,  Pra/Uke  ofNamgaHon  (4tb  edition),  pp.  177,  226,  280. 


BEDUCTlON  TO  THE  MEItlDIAV.  807 

or  due  soutli  at  the  rate  of  18  miles  per  hour,  the  maximnm 
altitude  will  exceed  the  meridian  altitude  by  2'  15". 

Second  Method. — By  Reduction  to  the  Meridian  when  the  Time  is 

given* 

203.  When  the  meridian  observation  is  lost  in  consequence 
of  clouds,  circummeridian  altitudes  may  sometimes  be  obtained. 
The  most  convenient  method  of  reducing  them  at  sea  is  that  of 
BowDiTCH.  In  his  Table  XXXTT.  he  gives  the  value  of  a  com- 
puted by  (373) ;  and  in  Table  XXXIII.  the  value  of  <^  t  being 
reduced  to  minutes.  Each  observed  altitude  h  is  then  reduced 
to  the  meridian  altitude  h^  by  the  formula  (287),  or 

h^  =  h  +  af*  (876) 

and  a  number  of  altitudes  are  reduced  at  once  by  the  same 
formula,  by  taking  for  h  the  mean  of  all  the  altitudes,  and  for  t* 
the  mean  of  all  the  values  of  t^.  If  the  observer  has  no  tables, 
he  can  readily  compute  a  by  the  formula 

«  =  i".9636  £3V^*  =  [0.2980]  S21p^  (376) 

Bowditch's  table  for  /*  extends,  however,  only  to  t  =  13*. 
When  the  observations  are  more  than  13"*  from  the  meridian, 
he  reduces  the  observation  to  the  meridian  by  the  formula  (282), 

cos  Cj  =  sin  A  +  cos  fp  cos  ^  (2  sin*  J  i) 

employing  a  table  of  log.  versed  sines  for  the  value  of  2  sin*  J^; 
a  table  of  natural  sines  for  sin  h  and  cos  ^^ ;  and  the  table  of 
logarithms  of  numbers  for  the  value  of  the  last  term.  I  prefer 
the  formula  (283), 

.    ^  f-L       TN       cos  c>  cos  d  sin'Jt 
sm  }  (A,  —  A)  = ~ -— 

^'  coBj(Ai  +  A) 

which  effects  the  reduction  by  a  single  table. 

Third  Method. — By  Two  Altitudes  near  the  Meridian  when  the  Hme 

is  not  known. 

204.  As  it  frequently  happens  at  sea  that  the  local  time  is 
uncertain,  the  method  I  have  proposed  in  Art.  195  will  be  found 
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of  great  use  to  the  navigator.  Any  two  altitudes  A  and  h'  being 
observed  near  the  meridian,  r  being  anz-half  the  chronometer 
interval  between  them,  corrected  for  rate,  expressed  in  minutes, 
and  a  being  found  by  (376),  or  from  Bowditch's  Table  XXXII., 
we  have  the  meridian  altitude  by  the  formula 

or 

which  may  be  computed  without  the  use  of  logarithms. 

Example. — The  approximate  latitude  being  38®  N.,  the  de- 
clination at  noon  1®  48'  9"  S.,  the  height  of  the  eye  above  the 
sea  19  feet,  suppose  the  following  observations  taken : 


Chronometer. 

Q 

T  =  8»    0-  22'.5 

A  =60< 

'  11'  40" 

2»  =  8*  10"  18'.5 

A' =  50 

10    0 

2)    9    610 

A  — A'  = 

1  40 

T    =        4    66.6 

KA_A')  = 

26 

r»    =      24.2 

J(A  +  A')  =  60 

10  50 

a    =       2".4 

ar'  =  Ist  corr.  = 

68 

£*(*- 

-  A')]«  =         626 

V8»  =  2d        «      = 

11 

Merid.  alt.  Q_     =60 

11  69 

Dip                     =  — 

4  16 

Semidiameter    =  + 

16     6 

Kefr.  and  par.    =:  — 

42 

A,  =  50" 

28     7 

C,  =  39 

86   68  N. 

».=    1 

48     9  S. 

f  =87 

48    44  N. 

The  accuracy  of  tJie  result  depends  in  a  great  degree  upon 
the  accuracy  with  which  the  difference  of  altitude  is  obtained. 
If  in  the  above  example  this  difference  had  been  2'  40",  or  1' 
too  great,  we  should  have  found  J(A  — A')  =  40",  and  tiie  2d 
correction  =  ^  =  28"  :  consequently  the  resulting  latitude 
would  have  been  only  17"  too  small.  Since  the  same  causes  of 
error,  such  as  displacement  of  the  sea  horizon  by  extraordinary 
refraction,  unknown  instrumental  errors,  &c.,  affect  both  altitudes 
alike,  the  difference  will  usually  be  obtained,  even  at  sea,  within 
a  quantity  much  less  than  1\    The  most  favorable  case  is  that 
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in  which  the  altitudes  are  equal  and  the  2d  correction,  conse- 
quently, zero.  It  will  be  well,  therefore,  always  to  endeavor  to 
obtain  altitudes  on  opposite  sides  of  the  meridian. 

We  may  also  obtain  the  time,  approximately,  from  the  same 
observation ;  for  the  mean  of  the  hour  angles  is,  Art  195, 

which  is  the  apparent  time  from  noon  at  the  middle  instant 
between  the  observations,  (in  minutes,  r  being  in  minutes,  h —  A' 
and  a  being  in  seconds) ;  and  this  time  will  be  before  or  after  noon 
according  as  the  second  altitude  is  greater  or  less  than  the  first. 
Thus,  in  our  example,  we  have 

ar  2.4  X  4.9 

or  the  apparent  time  at  the  middle  instant  was  2*  6*  after  noon. 
The  first  observation  was,  therefore,  2*  49*  before  noon,  and  the 
second  7*  1*  after  noon. 

Fourth  Method^^By  Three  Altitudes  near  the  Meridian  when  the 
Time  is  not  known. 

205.  The  method  of  Art.  196  does  not  require  even  the  rate 
of  the  chronometer  to  be  known ;  but  it  is  hardly  simple  enough 
for  a  common  nautical  method.  But  a  very  simple  method  will 
be  obtained  if  we  take  three  altitudes  at  equal  intervals  of  time. 
Suppose  the  second  altitude  is  observed  at  the  (unknown)  time 
T'from  the  meridian  passage,  the  first  at  the  time  T—  x,  the 
third  at  the  time  T  +  x;  then  we  have,  by  (363), 

\  =  h  4.a(r— x)« 

Aj=A"  +  a(r+a:)« 

Subtracting  the  half  sum  of  the  first  and  third  equations  from 
the  second,  we  deduce 
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The  difference  of  the  first  and  third  gives 

X 

which  Bubstituted  in  the  second  equation  gives  h^. 

If  then  we  put  a  for  ouc",  the  computation  is  expressed  by  the 
following  simple  formulse : 


(877) 


Example. — The  following  three  altitudes  were  observed  at 
equal  intervals  of  time  near  the  meridian : 

h  =  48*>  W  20"  h'  ^  48^  16'  80"  h"  =  48<>  4'  0" 

J(A  +  A")  =  43_6J0 

a  =  9  20  =  660" 

i(A  — A")=  1    6=    65 

Hence  the  reduction  of  the  middle  altitude  to  the  meridian  is 

[Kft-A")y^65'  ^^„ 
a  660 

which  added  to  A'  gives 

A,  =  43M6'38" 

Instead  of  equal  intervals  of  time,  we  may  employ  equal  inter- 
vals of  azimuth  (Art.  197),  and  still  reduce  the  altitudes  by  (377); 
but  this  would  be  practicable  only  on  land. 

Fifth  Method. — By  a  Single  Altitude  at  a  given  Time. 

206.  This  is  the  method  of  Art.  164,  which,  however,  should 
be  restricted,  at  sea,  to  altitudes  taken  not  more  than  one  hour 
from  the  meridian,  as  the  time  is  always  imperfectly  known  and 
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the  error  in  the  latitude  produced  by  an  error  in  the  time 
increases  very  rapidly  as  the  star  leaves  the  meridian  and  ap- 
proaches the  prime  vertical  (Art  166),  and  the  method  fails 
altogether  when  the  star  is  in  the  prime  vertical.  It  may,  how- 
ever, sometimes  be  very  important  to  determine  the  latitude,  at 
least  approximately,  when  the  sun  is  nearly  east  or  west;  and 
then  the  following  method  may  be  used. 

Sixth  Method. — By  the  change  of  AUitude  near  the  Prime  Vertical. 

207.  This  is  the  method  of  Art.  199.  In  the  morning,  when 
the  sun  has  arrived  within  1°  of  the  prime  vertical  as  observed 
with  the  ship's  compass,  bring  the  image  of  the  sun's  upper 
limb,  reflected  by  the  sextant  mirrors,  into  contact  with  the  sea 
horizon,  and  note  the  time ;  let  the  sextant  reading  remain  un- 
changed, and  note  the  time  when  the  contact  of  the  lower  limb 
occurs.  In  the  afternoon,  begin  with  the  lower  limb.  Then, 
taking  the  sun's  semidiameter  =  S  from  the  almanac,  and  put- 
ting the  difierence  of  the  chronometer  times  =  r,  we  have 

cos  sp  =  —  =  [9.1249]  -  (378) 

15t  ^ 

This  is  evidently  but  a  rough  method,  only  to  be  resorted  to  in 
cases  of  emergency.  With  the  greatest  care  in  observing  the 
contacts,  and  in  latitudes  not  less  than  45°,  the  result  cannot  be 
depended  upon  within  from  five  to  ten  minutes;  but  even  this 
degree  of  accuracy  may,  in  many  cases  at  sea,  be  quite  satis- 
fectory. 

Seventh  Method. — By  the  Pole  Star. 

•  208.  This  method,  though  confined  in  its  application  to  north 
latitudes,  is  very  useful  at  sea,  as  it  is  available  at  all  times  when 
the  star  is  visible  and  the  horizon  sufficiently  distinct,  and  does 
not  require  a  more  accurate  knowledge  of  the  time  than  is 
usually  possessed  on  shipboard.  The  complete  discussion  of  it 
has  been  given  in  Art.  176 ;  but  for  those  who  wish  only  the 
nautical  method,  and  have  passed  over  that  article,  I  add  the 
following  simple  investigation,  which  is  sufficiently  precise  for 
the  purpose. 

Let  2Ny  Fig.  27,  be  the  meridian ;  Z  the  zenith  of  the  ob- 
server; P  the  pole;  -4.iVthe  horizon;  5  the  star,  which  describes 


312 


LATITUDE  AT  SBA. 


Fig.  27. 

AN 


a  small  circle  ST  about  the  pole  at  the  dis- 
tance  PS=p;  ZSA  the  vertical  circle  of  the 
Btar  at  the  time  of  the  observation;  SA  the 
true  altitude  =  A,  deduced  from  the  observed; 
SPZ  the  star's  hour  angle  =  t;  PN  the  lati- 
tude  =  ip. 

Draw  SB  perpendicular  to   the   meridian: 
then,  since  SP  is  small  in  the  case  of  the  pole 
star  (about  1°  80'),  we  may  regard  PSB  as  a 
plane  triangle,  and  hence  we  have 


y 


PB  =  PS.  COB  SPB  =p  cos  t 
and,  since  BN  differs  very  little  from  SA, 


that  is,* 
If  we  put 

we  have 
and  hence 


PN=  BN^  PB  =  SA--~PB 
f  =  A  —  jp  cos  < 

6  =  the  sidereal  time, 

a  =  the  star's  right  ascension, 

t=  e  —a 
9  =  A  —  I?  cos  (6  —  o) 


(379) 


If  then  p  and  a  be  regarded  as  constant,  the  term  p  cos  (0  —  a) 
may  be  given  in  a  table  with  the  argument  0,  as  in  Bowditch's 
Navigator,  p.  206.  But  the  polar  distance  and  right  ascension 
of  the  pole  star  vary  so  rapidly  that  in  a  few  years  such  a  table 
affords  but  a  rude  approximation.  The  direct  computation  of 
the  formula  with  the  values  of  p  and  a  obtained  from  the 
Ephemeris  for  the  day  of  the  observation  is  preferable. 

Example. — 1856  March  10,  from  an  altitude  of  Polaris  ob- 
served from  the  sea  horizon,  the  true  altitude  A  was  deduced  aa 
below.  The  time  was  noted  by  a  Greenwich  chronometer 
which  was  fast  S"*  30*.    The  longitude  was  150°  0'  W. 

*  If  we  compare  this  with  the  more  exact  formula  (800),  we  see  that  the  error  of 
the  nautical  method  is  }  p^  sin  \"  sin*  t  tan  h,  which  is  a  maximum  for  t  =  90°. 
Taking  p  =  V*  80',  this  maximum  is  70''. 7  tan  ^,  which  amounts  to  8'  when  f  = 
68«  80'. 


19 
10 

7 
0 

12        ;>  =  I**  27'  18" 
0            =  87'.8 

9 
23 

7 
13 

12  \ogp            1.9410 
23  log  cost     n9.5234 

+ 
8 

1 

8 

23 

5 

8  logj7c08<  nl.4645 
48 
44 

—pcost  =  +   29.1 
f  =  81    89.1 
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Chronometer        19*  12»  42*  h  =  SV  IV. 

Correction  —     5    30 

Gr.  M.  T. 

Longitude 

Local  M.  T. 

Sid.  T.  Gr.  noon 

Corr.  for  19*  7* 

e  = 

a  = 
t=z     7   17    59 
=  109<>29'  45" 

Eighth  Method. — Bi/  Two  Altitudes  with  the  elapsed  Time  between 

them. 

209.  This  method  may  be  successfully  applied  at  sea,  and  is 
the  most  reliable  of  all  methods,  next  to  that  of  meridian  or  cir- 
cummeridian  altitudes.  The  formulte  fully  discussed  in  Arts. 
178  to  188  may  be  directly  applied  when  the  position  of  the  ship 
has  not  changed  between  the  observations. 

But,  since  there  should  be  a  considerable  difference  of  azimuth 
between  the  observations,  the  change  of  the  ship's  position  in 
the  interval  will  generally  be  sufficiently  great  to  require  notice. 
All  that  is  necessary  is  to  apply  a  correction  to  the  altitude  ob- 
served at  the  first  position  of  the  ship,  to  reduce  it  to  what  it  would 
have  been  if  observed  at  the  second  position  at  the  same  instant 
To  obtain  this  correction,  let  Z\  Fig.  28,  be 
the  zenith  of  the  observer  at  the  first  observa- 
tion, S  the  star  at  that  time ;  Z  his  zenith  at 
the  second  observation,  and  S'  the  star  at  that 
time.  The  first  observation  gives  the  zenith 
distance  Z'Sy  the  second  the  zenith  distance 
ZS'.  Joining  the  points  S  and  S'  with  the 
pole  P,  it  is  evident  that  the  hour  angle  SPS' 
is  obtained  from  the  observed  difference  of 
the  times  of  observation  precisely  as  if  the 
observer  had  been  at  rest.  We  have,  there- 
fore, only  to  find  ZS  in  order  to  have  all  the  data  necessary  for 
computing  the  latitude  of  Z  by  the  general  methods. 

The  number  of  nautical  miles  run  by  the  ship  is  the  number 
of  minutes  in  the  arc  ZZ';  and,  since  this  will  always  be  a  suffi- 
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ciently  small  number,  if  we  draw  ZA  perpendicular  to  SZ*^  we 
may  regard  ZAZ'  as  a  plane  triangle,  and  take 

ZS  =  Z'S'-AZ' 
or 

Z8  =  ZS  —  ZZ'  cos  ZZ'8  (880) 

The  angle  ZZ'S  is  the  difference  between  the  azimuth  of  the 
star  at  the  first  observation  and  the  course  of  the  ship;  and  this 
azimuth  is  obtained  with  sufficient  accuracy  by  the  compass.* 

Employing  the  zenith  distance  thus  reduced  and  the  other 
data  as  observed,  the  latitude  computed  by  the  general  method 
will  be  that  of  the  second  place  of  observation.  In  the  same 
manner  we  can  reduce  the  second  zenith  distance  to  the  place  of 
the  first,  and  then  the  latitude  of  the  first  place  will  be  found. 

210.  The  problem  of  finding  the  latitude  from  two  altitudes  is 
most  frequently  applied  at  sea  in  the  case  where  the  sun  is  the 
observed  body,  the  observation  of  the  meridian  altitude  having 
been  lost  The  computation  is  then  best  carried  out  by  the 
formulae  (815),  (816),  (817),  (818),  employing  for  d  the  mean 
declination  of  the  sun, — Le.  the  declination  at  the  middle  time 
between  the  two  observations, — and  then  applying  to  the  result- 
ing latitude  the  correction  ^tp  found  by  the  formula  (828).  To 
save  the  navigator  all  consideration  of  the  algebraic  signs  in 
computing  this  correction,  it  will  be  sufficient  to  observe  the 
following  rule :  1st.  When  the  second  aititade  is  the  greater j  apply 
this  correction  to  the  computed  latitude  as  a  northing  when  the 
sun  is  moving  towards  the  norths  and  as  a  southing  when  the  sun 
is  moving  towards  the  south ;  2d.  When  the  first  altitude  is  the 
greater^  apply  the  correction  as  a  southing  when  the  sun  Is  mo^nng 
towards  the  njorthy  and  as  a  northing  when  the  sun  is  moving 
towards  the  south. 

*  If  we  wish  ft  more  rigorous  process,  we  must  consider  the  spherical  triangle 
ZZ'B^  in  which  we  hare  the  obsenred  lenith  distance  Z*S  =  {1^),  the  required  senith 
distance  ZS=  Ci  the  distance  run  by  the  ship  Z*Z  ■=.  d,  the  diiferenoe  of  the  star's 
asimuth  and  the  ship's  course  ZZ'8'  =  a,  and  henoe 

cos  C  =  COS  ('  eos  d  -{-  ain  ^'  Bin  d  cos  a 

which  dcTeloped  gives 

f  =  ^'—  <f  eos  a  +  }cP  sin  1"  cot  C'  sin*  a 

the  last  term  of  which  expresses  the  error  of  the  formula  given  in  the  text. 
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if  the  computer  chooses  to  neglect  this  correction,  he  should 
employ  the  mean  declination  only  when  the  middle  time  is 
nearer  to  noon  than  the  time  of  the  greater  altitude.  In  all  other 
eases  he  should  employ  the  declination  for  the  time  of  the 
greater  altitude  (Art.  188). 

211.  DouwBs's  method  of  ''double  altitudes.''*— ThiQ  is  a  hrief 
method  of  computing  the  latitude  from  two  altitudes  of  the  9un, 
which,  though  not  always  accurate,  is  yet  suflSciently  so  when 
the  interval  between  the  observations  is  not  more  than  1*,  and 
one  of  them  is  less  than  1*  from  the  meridian. 

Let  h  and  h'  be  the  true  altitudes,  d  the  declination  at  the 
middle  time,  Tand  T'  the  chronometer  times  of  the  observa- 
tions, t  and  t'  the  hour  angles.  The  elapsed  apparent  time  X  is 
found  from  the  times  Tand  T'  by  (822),  but  it  is  usually  suffi- 
cient to  take  ;i=  T'—  T.  We  then  have  <'=  /  +  ;i;  and  by  the 
first  of  (14)  we  have 

sin  h  =  sin  ^  sin  ^  -f  cos  ^  cos  d  cos  t 

sin  A'  =  sin  f  sin  d  -f  cos  <p  cos  d  cos  {t  -f-  >l) 

The  difference  of  these  equations  gives 

sin  A  —  sin  A'  =  2  cos  f  cos  ^  sin  (<  +  J  i)  sin  \l 

If  we  put  t^  =  the  middle  time,  or 

we  deduce  '•='  +  ♦' 

^  .     .  sin  A  —  sin  A'  ,„o-. 

2  sm  <L  = (381) 

cos  9  cos  ^  sin  i  >l 

which  gives  t^  by  employing  the  supposed  latitude  for  ip  in  the 
second  member.    "We  then  have 

and  the  meridian  zenith  distance  Z\  is  found  from  the  greater 
altitude  h  by  the  formula  (Art.  168) 

cos  Ci  =  sin  A  +  cos  ^  cos  H  (2  sin*  i  t) 

*  The  method  of  finding  the  latitude  by  two  altitudes  is  commonly  called  by  navi* 
gators  "  the  method  of  double  altitudes/' — an  obvious  misnomer,  as  double  means 
twice  the  same. 
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aud  finally  the  latitude  by  the  formula  f  =  Ci  +  *•  Since  we 
employ  an  assumed  approximate  latitude,  we  shall  have  to  repeat 
the  process  when  the  computed  latitude  differs  much  from  the 
assumed. 

This  is  the  form  of  the  method  as  proposed  by  Douwbs  and 
adopted  in  Bowditch's  Navigator;  but  the  following  form  is  still 
more  simple,  as  it  requires  only  the  table  of  logarithmic  sines. 
The  formula  for  t^  may  be  written  thus : 

cos  i  (A  +  A')  sin  K*  —  *') 

BID  t  =  ^^ ■ ^ =-^^ ^ 

COB  9  COB  ^Bini^l 

then,  as  before, 

and  the  reduction  of  h  to  the  meridian  altitude  h^  is  found  by 

(283), 

.    , ,-        ..        coa  0  co8  d  Bin*  it 
8m  J  (A.  —  A)  = 

^^  C08i(^i+^) 

Adding  A^  —  A  to  A,  we  have  the  meridian  altitude,  from  which 
the  latitude  is  deduced  in  the  usual  manner.  If  the  greater 
altitude  is  within  the  limits  of  circummeridian  altitudes,  it  will 
of  course  be  reduced  by  (284). 

The  chief  objection  to  this  method  is  that  the  computation 
must  be  repeated  when  the  assumed  latitude  is  much  in  error. 
It  can  also  be  shown  that  unless  the  observations  are  taken  as 
near  to  the  meridian  as  we  have  above  supposed,  the  computed 
value  of  the  latitude  may  in  certain  peculiar  cases  be  more  in 
error  than  the  assumed  value,  so  that  successively  computed 
values  will  more  and  more  diverge  from  the  truth.  The  methods 
referred  to  in  the  preceding  articles  are,  therefore,  generally  to 
bo  preferred. 

212.  The  latitude  may  also  be  found  from  two  altitudes  by 
the  simple  method  proposed  by  Captain  Sumnee,  for  which  see 
Chapter  VIIL 
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CHAPTER  Vn. 

nNDING  THE  LONGITUDE  BY  ASTRONOMICAL  OBSERVATIONS. 

218.  The  longitude  of  a  point  on  the  earth's  surface  is  the 
angle  at  the  pole  included  between  the  meridian  of  the  point 
and  some  assumed  ^r5<  meridian.  The  difterence  of  longitude 
of  any  two  points  is  the  angle  included  by  their  meridians. 
These  definitions  have  been  tacitly  assumed  in  Art.  46,  where 
we  have  established  the  general  equation 

L  =  T^'-T  (382) 

in  which  (Art.  47)  T^  and  T  are  the  local  times  (both  solar  or 
both  sidereal)  reckoned  respectively  at  the  first  meridian,  and  at 
that  of  any  point  of  the  earth's  surface,  and  L  is  the  west 
longitude  of  the  point. 

As  an  astronomical  question,  the  determination  either  of  an 
absolute  longitude  from  the  first  meridian,  or  of  a  difterence  of 
longitude  in  general,  resolves  itself  into  the  determination  of 
the  diflference  of  the  time  reckoned  at  the  two  meridians  at  the 
same  absolute  instant*  The  various  methods  of  finding  the 
longitude  which  are  treated  of  in  this  chapter  differ  only  in  the 
mode  by  which  the  comparison  of  the  times  at  the  two  meridians 
is  effected. 

FIRST  METHOD. — BY  PORTABLE   CHRONOMETERS. 

214.  The  difference  of  longitude  between  two  places  A  and 
B  being  required,  let  a  chronometer  be  accurately  regulated  at 
Ay  that  is,  let  its  correction  on  the  time  at  that  place  and  its 
daily  rate  be  determined  by  the  methods  of  Chapter  V. ;  then 
let  the  chronometer  be  transported  to  -B,  and  let  its  correction 

*  The  astronomioal  difference  of  longitude  may  differ  from  the  geodetio  difference 
for  the  same  reason  that  the  astronomical  latitude  differs  from  the  geodetic,  Arts.  86 
and  16a 


818  lONGITUDB* 

on  the  time  at  that  place  be  determined  at  any  instant  The 
time  reckoned  at  A  at  this  last  instant  is  also  known  from  the 
correction  and  rate  first  found,  provided  the  rale  has  not  changed 
in  transportation ;  and  hence  the  diflference  of  times  at  the  same 
absolute  instant,  and  consequently  the  difierence  of  longitude, 
are  found. 
Let 

dT,  ^7=  the  correction  and  rate  determined  at  A  at  the 
time  Tj  by  the  chronometer, 
^  T'  =  the    correetion   determined   at  B  at   the  time 
T  =  r  +  e,  <  being  the  interval  by  the  chro- 
nometer ; 

then,  at  the  instant  T  +  <  the  true  time 

at^is         T+^  +  aT+^^T 

''  B         r  +  <  + aT' 

and  hence  the  difference  of  longitude  is 

i  =  AT  +  f.^r— aT'  (383) 

Thus,  the  longitude  is  expressed  as  the  difference  of  the  two 
chronometer  corrections  at  the  two  places;  and  the  absolute 
indications  of  the  chronometer  do  not  enter,  except  so  far  as 
they  may  be  required  in  determining  the  interval  vrith  which 
the  accumulated  rate  is  computed.  In  this  expression  ^Tis  the- 
rate  in  a  unit  of  the  chronometer  (an  hour,  or  a  day,  solar  or  sidereal),* 
and  T'—  7  must  be  expressed  in  that  unit 

Example. — At  Greenwich,  May  5,  mean  noon,  a  mean  time 
chronometer  marks  28*  49"*  42'.76,  and  its  rate  in  24  chronometer 
hours  has  been  found  to  be  gaining  2'.671.  At  Cambridge,  Mass., 
May  17,  mean  noon,  the  same  chronometer  marks  4*  84'*  47*.28 ; 
what  is  the  longitude  of  Cambridge  ? 

We  have 

r=May  4,  23*49"42V75    a 7=  +  0»  10«  17*.25    ^r=  — 2'.671 
T+t=     «    17,    4  34  47.28 

f=  12'   4M5"'  4'.63  =  12'.198 

Hence 

&T+t.iT=  +  (y   9-44'.67 

&T'  =  —  i  84   47.28 

i  =  +  4  44   81.95 
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KoTB. — ^It  is  proper  to  distingiiish  whether  the  gWen  rate  is  the  rate  in  a  ohrono- 
meterunit  or  in  a  true  oiiit  of  time;  although  the  ditferenoe  will  not  he  appreciable 
nnless  the  rate  ie  unusually  great.  If  the  rate  is  20*  in  24*  by  the  chronometer,  it  will 
be  20*  :!=  O'.OOS  in  24*  of  solar  time. 

215.  When  the  chronometer  is  carried  from  point  to  point 
without  stopping  to  rate  it  at  each,  it  is  convenient  to  prepare  a 
table  of  its  correction  for  noon  of  each  day  at  the  first  station, 
from  which  the  correction  for  the  time  of  any  observation  at  a 
transient  station  may  be  found  by  simple  interpolation. 

After  reaching  the  last  station,  it  is  proper  to  re-determine  the 
rate,  which  will  seldom  agree  precisely  with  that  found  at  the 
first.  In  the  absence  of  any  other  data  aflecting  the  rate,  we 
may  assume  that  it  has  changed  uniformly  during  the  whole 
time.  It  is  convenient  to  compute  the  longitudes  first  upon  the 
supposition  of  a  constant  rate,  and  then  to  correct  them  for  the 
variation  of  rate,  as  follows.    Let 

£kT,dT=z  the  correction  and  rate  at  the  time  T,  found  at 
the  first  station, 
^'T=the  rate  found  at  the  last  station  at  the  time 

r+n, 

and  put 

x  =  '.:i^:^  (384) 


then  X  is  the  increase  of  rate  in  a  unit  of  time.  If  an  observa- 
tion at  an  intermediate  station  is  taken  at  the  time  T  +  ^,  we 
must  compute  the  accumulated  rate  for  the  interval  ^,  which  is 
efiected  by  multiplying  the  mean  rate  during  this  interval  by  the 
interval.  But,  upon  the  supposition  of  a  uniform  increase,  the 
mean  rate  from  the  time  T  to  the  time  T  +  tin  the  rate  at  the 
middle  instant  T+  ^ty  and  this  rate  is  8T  +  ^tx.  Hence  the 
chronometer  correction  on  the  time  at  the  first  station  at  the 
instant  T+  tof  the  supposed  observation  is 

/^T+t(^ST+itx')  =  /iT  +  t.dT+it^x  (385) 

A  longitude  assigned  to  an  intermediate  station  at  the  time 
T+  iyhy  employing  the  original  rate  ST^  will  therefore  require 
the  correction  +  ^t%  observing  always  the  algebraic  signs  of  x 
and  the  longitude. 
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If  a  number  m  of  chronometers  have  been  employed,  and  each 
determination  of  a  longitude  is  the  mean  of  the  m  values  which 
they  have  severally  given,  the  longitude  assigned  upon  the  sup- 
position of  constant  rates  is  to  be  corrected  by  the  quantity 

f       ar,  +  a?,  +  rc,  +  &c.+a?^ 
2  ^  m 

in  which  Xp  a:,,  &c.  are  the  increments  of  the  rates  of  the  several 
chronometers  in  a  unit  of  time.     If  then  we  put 

8  =  the  sum  of  all  the  total  increments  during  the  whole 
interval  n,  or  the  sum  of  the  values  oi  d'T —  ^Tfor 
the  several  chronometers, 

8 

^       2mn 
we  shall  have 

Correction  of  a  longitude  at  a  time  T  -{- 1  =  f,q         (886) 

Example.* — In  a  voyage  between  La  Guayra  and  Carthagena, 
calling  on  the  way  at  Porto  Cabello  and  Cura^oa,  the  following 
observations  having  been  made,  the  relative  longitudes  are  re- 
quired. 

By  observations  at  La  Guayra  on  May  22  and  28,  the  cor- 
rections and  rates  of  chronometers  Fy  M^  and  P  at  the  mean 
epoch  May  24*^.885  were  as  follows: 


Al* 

6T 

Chron.  F. 

—  4»83-   7'.80 

H-0'.77 

M. 

—  4     0   17.40 

—  4.64 

P. 

—  69  43.70 

—  1.47 

On  arrival  at  Porto  Cabello,  the  corrections  on  the  mean  time 
at  that  place  on  June  6''.870  were  ascertained  to  be — 

AT 

F,  —  4*  87-  15*.80 
Jf.  —45  81.28 
P.        —5  14   13.88 

At  Cura^oa  the  corrections  on  June  12*^.890  were— 

*  Shaowill,  Notes  on  the  Management  of  Chronometers,  p.  111. 
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A'r 

F. 

—  4»40-59*.20 

M. 

—  49   55.53 

P. 

—  5  18     8.24 

And  finally,  at  Carthagena,  observationB  on  the  25tli  and  29th 
of  June  gave  the  corrections  and  rates  at  the  mean  epoch  June 
27^.0  as  follows: 


. 

A'J* 

i'T 

F. 

—  5»    7-23'.55 

+  0'.85 

M. 

—  4  37  47.98 

—  5.90 

P. 

—  6  44   84.42 

+  0.80 

Employing  the  rates  found  at  La  Guayra,  the  corrections  of  the 
chronometers  on  June  6*'.870  at  Porto  Cabello  (for  which  we 
have  t  =  ll^'.OSS),  and  the  resulting  difterence  of  longitude, 
are,  by  formula  (883),  are  as  follows : 


^T+t.ST 

P.  Cabello— Ia  Gtuyn. 

F. 

—  4»  82-  58'.57 

+  4-  17'.23 

M. 

—  41   11.81 

19.47 

P. 

—  6  10     1.32 

12.06 
Mean +  4  16.25 

With  the  same  rates,  we  have  on  June  12.890  at  Cura9oa  (for 
t  =  19*,005)  the  corrections  and  the  corresponding  difterence  of 
longitude,  as  follows: 


^T-\-t.6T 

Carft90s — La  Guayra. 

F. 

—  4»  32-  53M7 

+  8-    6'.08 

M. 

—  41  48.68 

8    11.85 

P. 

—  4  10   11 .64 

7    51.60 

Mean  +  8     3  .16 

With  the  same  rates,  we  have  on  June  27**  at  Carthagena  (for 
i  =  33*'.116)  the  corrections  and  the  corresponding  difterence  of* 
lon^tudcy  as  follows: 

^T-\-t,6T  Cftrihagenar—Lft  Goayra. 
F,        -_  4»  32«  42*.30  +  34«  41-.25 

M,        —42    47.74  36     0.24 

P.        —5  10    32.38  34     2.04 
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Mean  +  84    34 .61 
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Now,  to  correct  these  results  for  the  changes  in  the  rates  of 
the  chronometers,  we  have,  in  the  interval  n  =  33.116, 


i'T—6T 

F. 

+  0'.08 

M. 

—  1.86 

P. 

+  1.77 

«  =  +  0 .49 

id,  consequently, 

/y   — i 

"r  "'•'*^          J^  0*000 1(Ut 

2  — 

2  X  3  X  33.115       ^ 

Applying  the  correction  t^q  to  the  several  results,  the  true 
differences  of  longitude  from  La  Guayra  are  found  as  follows: 

Approx.  diff.  long.  fl.q  Corrected  dilF.  long. 

P.  Cabello        +    4- 16*.25  +  O-.SS  +    4- 16'.60 

Cura9oa           +    8     3.16  +0.89  +8     4.05 

Carthagena      +34   34.51  +2.70  +34   37.21 

But  it  is  usually  preferable  to  carry  out  the  result  by  each 
chronometer  separately,  in  order  to  judge  of  the  weight  to  be 
attached  to  the  final  mean  by  the  agreement  of  the  several  indi- 
vidual values.  For  this  purpose  we  have  here,  by  the  formula 
(384),  for  71  =  83.116, 

F.  +  0.00121 
M.  —  0.02054 
P.         +  0.02673 

and  hence  the  correction  ^i^.x  is,  for  the  several  cases,  as  follows : 


P.  Cabello. 

Curafoa. 

Carthagena. 

F. 

+  0'.17 

+  0'.44 

+     1'.82 

M. 

—  2.95 

—  7.41 

—  22.52 

P. 

+  8.84 

+  9.65 

+  29.81 

Applying  these  corrections  severally  to  the  above  approximate 
results,  we  have,  for  the  differences  of  longitude  from  La  Ouayra, 


P.  Cabello. 

Cnra^oa. 

Carthagena. 

F 

+  4-  17'.40 

+  8-  6'.47 

+  34-  42'.57 

M. 

16.52 

4.44 

87.72 

P. 

15.90 

1.25 

81.85 

Means +  4  16.61  +8  4.05  +84   87.21 

agreeing  precisely  with  Hie  corrected  means  found  above. 
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If  the  chronometers  have  been  exposed  to  considerable 
changes  of  temperature,  the  proper  correction  may  be  intro- 
duced by  the  method  of  Art.  228. 

216.  Chronomeiric  expeditions  between  two  points. — ^Where  a  dif- 
ference of  longitude  is  to  be  determined  with  the  greatest 
possible  precision,  a  large  number  of  chronometers  are  trans- 
ported back  and  forth  between  the  extreme  points.  There  are 
two  classes  of  errors  of  chronometers  which  are  to  be  eliminated: 
1st,  the  accidental  errors,  or  variations  of  rate  which  follow  no 
law,  and  may  be  either  positive  or  negative ;  2d,  the  constant 
errors,  or  variations  of  rate  which,  for  any  given  chronometer, 
appear  with  the  same  sign  and  of  the  same  amount  when  the 
chronometer  is  transported  from  place  to  place ;  in  other  words, 
a  constant  acceleration,  or  a  constant  retardation,  as  compared 
with  the  rates  found  when  the  chronometer  is  at  rest.  The 
accidental  errors  are  eliminated  in  a  great  degree  by  employing 
a  large  number  of  chronometers,  the  probability  being  that  such 
errors  will  have  different  signs  for  different  chronometers.  The 
constant  errors  cannot  be  determined  by  comparing  the  rates  at 
the  two  extreme  points,  since  these  rates  are  found  only  when 
the  chronometer  is  at  rest ;  but  if  the  chronometers  are  trans- 
ported in  both  directions,  from  east  to  west  and  from  west  to 
east,  a  constant  error  in  their  travelling  rates  will  affect  the  differ- 
ence of  longitude  with  opposite  signs  in  the  two  journeys,  and 
will  disappear  when  the  mean  is  taken.  These  considerations 
have  given  rise  to  extensive  expeditions,  of  which  probably  the 
most  thoroughly  executed  was  that  carried  out  by  Struvb,  in 
1843,  between  Pulkova  and  Altona.*  In  this  expedition  sixty- 
eight  chronometers  were  transported  eight  times  from  Pulkova 
to  Altona  and  back,  making  sixteen  voyages  in  all,  giving  the 
difference  of  longitude  between  the  centre  of  the  Pulkova  Obser- 
vatory and  the  Altona  Observatorj^  1*  21"*  32*.527,  with  a  probable 
error  of  only  0'.039. 

Chronometric  expeditions  betweert  Liverpool  (England)  and 

*  ExpidUion  chronomitriqtie  exicuUe  par  ordre  de  Sa  Majtiti  VEmptreur  Nicolas  I. 
pour  la  determination  de  la  longitude  giographique  rilative  de  Vobeervatoire  central  de 
Ruuie.    St.  Petersburg,  1844. 

For  an  account  of  the  careAiUy  executed  expedition  under  Professor  Airt  to  deter- 
Aine  the  longitude  of  Yalentia  in  Ireland,  see  the  Appendix  to  the  Greenwich 
Obserrationa  of  1846. 
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Cambridge  (IT.  S.)  were  instituted  in  the  years  1849,  '50,  '61,  and 
'55  by  the  U.  S.  Coast  Survey,  under  the  superintendence  of 
Professor  A.  D.  Bache.  The  results  of  the  expeditions  of  1849, 
'50,  and  '51,  discussed  by  Mr.  G.  P.  Bond,*  proved  the  necessity 
of  introducing  a  correction  for  the  temperature  to  which  the 
chronometers  were  exposed  during  the  voyages,  and  particular 
attention  waa  therefore  paid  to  this  point  in  the  expedition  of 
1855,  the  details  of  which  were  arranged  by  Mr.  W.  C.  Bond. 
The  results  of  six  voyages, — ^three  in  each  direction, — according 
to  the  discussion  of  Mr.  6.  P.  BoND,t  were  as  follows : 

Longitude. 
Voyages  from  Liverpool  to  Cambridge    4*  32*  31*.  92 
"  "     Cambridge  to  Liverpool    4  32    31.75 

Mean    4  32   31.84 

with  a  probable  error  of  0*.19.  In  this  expedition  fifty  chrono% 
meters  were  used.  The  greater  probable  error  of  the  result,  aa 
compared  with  Struvb's,  is  sufficiently  explained  by  the  greater 
length  of  the  voyages  and  their  smaller  number. 

217.  The  following  is  essentially  Struve's  method  of  conduct- 
ing the  expeditions  and  discussing  the  results. 

Before  embarking  the  chronometers  at  the  first  station  {A\ 
they  are  carefully  compared  with  a  standard  clock  the  correction 
of  which  on  the  time  at  that  station  has  been  obtained  with 
the  greatest  precision  by  transits  of  well-determined  stars.  (See 
Vol.  n.,  "  Transit  Instrument.")  Upon  their  arrival  at  the  second 
station  (-B),  they  are  compared  with  the  standard  clock  at  that 
^tation.J  From  these  two  comparisons  the  chronometer  correc- 
tions at  the  two  stations  become  known,  and,  if  the  rates  are 
known,  a  value  of  the  longitude  is  found  by  each  chronometer 
by  (383).  But  here  it  is  to  be  observed  that  the  rate  of  a  chro- 
nometer is  rarely  the  same  when  in  motion  as  when  at  rest.  It 
is  necessary,  therefore,  to  find  its  travelling  rate  (or  sea  ratCj  as  it 
is  called  when  the  chronometer  is  transported  by  sea).  This 
might  be  eflfected  by  finding— Jirstj  the  correction  of  the  chrono- 

*  Report  of  the  Superintendent  of  the  U.  S.  Coast  SurTey  for  1854,  Appendix  No.  42. 
t  Report  of  the  Superintendent  of  the  IT.  S.  Coast  Survey  for  1856,  p.  182. 
X  For  the  method  of  comparing  chronometers  and  clocks  with  ike  greatest  pre- 
cision, see  Vol.  II. 
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meter  at  the  station  A  immediately  before  starting ;  secondly,  its 
correction  at  B  immediately  upon  its  arrival  there ;  and  thirdly^ 
having,  without  any  delay  at  -B,  returned  directly  to  -4,  finding 
again  ita  correction  there  immediately  upon  arriving.  The  dif- 
ference between  the  two  corrections  at  A  is  the  whole  travelling 
rate  during  the  elapsed  time,  and  this  rate  would  be  used  in 
making  the  comparison  with  the  correction  obtained  at  By  and 
in  deducing  the  longitude  by  (383). 

But,  since  the  chronometer  cannot  generally  be  immediately 
returned  from  -B,  its  correction  for  that  station  should  be  found 
both  upon  its  arrival  there  and  again  just  before  leaving,  and 
the  travelling  rate  inferred  only  from  the  time  the  instrument  is 
in  motion.    For  this  purpose,  let  us  suppose  that  we  have  found 

at  the  times  e,  t,  t\  f", 

the  cbron.  corrections    a,  6,  l/^  a', 

the  correction  a  at  the  station  A  before  leaving ;  b  upon  arriving 
at  B;  h'  before  leaving  B;  and  a'  upon  the  return  to  A.  The 
times  ty  Vy  i"y  <"',  being  all  reckoned  at  the  same  meridian,  if  we 
now  put 

m  =  the  mean  travelling  rate  of  the  chronometer  in  a  unit 

of  time, 
X  =  the  longitude  of  B  west  of  A, 

we  shall  have,  upon  the  supposition  that  the  mean  travelling 
rate  is  the  same  for  both  the  east  and  west  voyages, 

X  =  a  +m(^f  —t  )—b 

From  these  two  equations  the  two  unknown  quantities  m  and  X 
become  known.    Putting 


T=f—t  T"  =  r'  — t" 


we  find,  first. 


in  which  the  numerator  evidently  expresses  the  whole  travelling 
rate,  and  the  denominator  the  whole  travelling  time.  Then, 
putting 
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(a)  =  a  +  mr 
we  have  >(388) 


}■ 


in  which  (a)  is  the  interpolated  value  of  the  chronometer  correc- 
tion on  the  time  at  -A,  for  the  same  absolute  instant  t'  to  which 
the  correction  b  on  the  time  at  B  corresponds. 

Example. — In  the  first  two  voyages  of  Struvb's  expedition 
between  Pulkova  and  Altona  in  1848,  the  corrections  of  the 
chronometer  "  Hauth  81"  were  found,  by  comparison  with  the 
standard  clocks  at  the  two  stations,  as  below.  The  dates  are  all 
in  Pulkova  time,  as  shown  by  one  of  the  chronometers  em- 
ployed in  the  comparison : 

At  Pulkova  (A\  t  =  May  19,  21\54  a  =  +  0»    6-  38'.10 

"Altona     {S),f  =    "     24,22.66  6  =  —  114   39.92 

"  Altona     (5),  r  =    «     26,  10  .72  6'  =  —  1   14   36.77 

"  Pulkova  (A),  r=    «     31,    0.00  a'=  +  0     7     9.68 

Hence 

T  =  5^    1M2  =  5^.047,         a'  —  a  =  +  31'.48 
•"=4  13.28=4.553,         b'  —  b=+    3.15 

m  =  ^^'-^^-^''^^  =  gglg-^=  +  2>.951 
5.047  +  4.553         9.6        ^ 

a  =  +  0*  6*38'.10 
mT=  +    14.89 

(a)  =  +  0     6   52.99 

6  =  ~1  14  39.92 
;i=Xa)  — 6  =  +  l  21   32,91 

218.  In  the  above,  the  rate  of  the  chronometer  is  assumed  to 
be  constant,  and  the  problem  is  treated  as  one  of  simple  inter-r 
polation.  But  most  chronometers  exhibit  more  or  less  accelera- 
tion or  retardation  in  successive  voyages,  and  a  strict  interpola- 
tion requires  that  we  should  have  regard  to  second  differences. 
If  we  always  start  from  the  station  -4,  as  in  the  above  example, 
using  only  simple  interpolation,  we  commit  a  small  error,  which 
always  affects  the  longitude  in  the  same  way  so  long  as  the 
variation  of  the  chronometer's  rate  preserves  the  same  sign. 
But  if  we  commence  the  next  computation  with  the  station  5, 
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SO  that  the  two  chronometer  corrections  at  A  are  intermediate 
between  the  two  at  -B,  then  the  error  in  the  longitude  will  have 
a  different  sign,  and  the  mean  of  the  two  values  of  the  longitude 
will  be,  partially  at  least,  freed  from  the  influence  of  the  acce- 
leration or  retardation.  To  show  this  more  clearly  under  an 
algebraic  form,  let  us  suppose  that  we  have,  omitting  the  inter- 
vals of  rest  at  the  two  stations, 


at  the  times 

the  chron.  corrections 

intervals 

a,          b,            a',           6', 

and  that 

/I  =  daily  rate  of  the  chronometer  at  the  time  t, 
2fi  =  the  daily  acceleration  of  the  rate  fi  after  the  time  t, 

the  true  values  of  the  four  corrections,  observing  that  b  and  6' 
refer  to  the  meridian  of  -B,  will  be,  according  to  the  law  of  uni- 
formly accelerating  motion, 

a  =  a 

b  =a  +  fiT  +  fir'—X 

a'  =  a  +  pL(T  +  t^)  +  p(T  +  ^y 

V  =  a  +  ft(T  +  T^  +  r'')  +  fi(T  +  t^  +  r^y^X 

If  now  we  find  the  value  of  (a)  corresponding  to  b  (that  is,  for 
the  time  t')  by  simple  interpolation  between  the  values  of  a 
and  a\  we  have 

from  which  we  obtain  the  erroneous  longitude 

X'=(a)^b  =  X  +  fiTT^ 

Hence  the  error  in  the  longitude,  by  simple  interpolation  and 
commencing  with  the  station  A,  is  dX^  =  ^tt\ 

In  the  next  place,  if  we  commence  at  the  station  5,  with  the 
correction  6,  employing  simple  interpolation  between  b  and  6', 
to  find  the  correction  (6)  for  the  time  t"  corresponding  to  a\  we 
have 
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=  a  +  ai(t  +  r')  +  fi(f+  2tt^+  T^H-  t't")  —  A 

and  we  find  the  erroneous  longitude 

X"=a'—(b)  =  X  —  fi^r^' 

Hence  the  error  by  simple  interpolation,  commencing  with  the 
station  -B,  is  dX'^  =  —  ^r'r" ;  and  the  error  in  the  mean  of  the 
two  longitudes  is 

iidX'+dX'')  =  ifiT'(r^r'') 

an  error  which  disappears  altogether  when  the  intervals  r  and  r" 
are  equal.  Since  the  voyages  are  of  very  nearly  equal  duration, 
it  follows  that  by  computing  the  longitude,  as  proposed  by 
Struve,  commencing  alternately  at  the  two  stations,  the  final 
result  will  be  free  from  the  effect  of  any  regular  acceleration  or 
retardation  of  the  chronometers. 

Example. — ^From  the  "Expedition  Chronomfetrique"  we  take 
the  following  values  for  the  chronometer  "Hauth  81,"  being 
the  combination  next  following  after  that  given  in  the  example 
of  the  preceding  article,  commencing  now  with  the  station  jB,  or 
Altona : 

At  Altona    (5),  t  =  May  26, 10».72  6  =  —  1»  14-  36*.77 

«  Pulkova  (^),  i'  =     "    81,    0.00  a  =  +  0     7     9.58 

«  Pulkova  (A),  r  =  June  8,    6  .62  a'=  +  0     7    19 .86 

«  Xltona    (^),  r=     "      7,  20  .52  6'=  —  1   14     0.85 

Here 

r  =  4*  18».28  =  4'.558  b'  —  b  =  +  86-.42 

t"=4  14.90  =  4.621  a'  — a=+    9.78 

^^86^42-9^78^26^64^        ,^^^ 
4.553  +  4.621       9.174 

6  =  —  1*  14-  86-.77 
mT=  +    13.22 

(6)  =  — 1   14    28.55 

a  =  +  0     7      9.58 

X  =  a—(b)  =  +  l  21    88.18 

The  mean  of  this  result  and  that  of  Art  217  is  A  =  1*  21*  88'.02. 
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219.  Belative  weight  of  the  Umgttudes  determined  in  different  voyages 
by  the  same  chronometer. — ^From  the  above  it  appears  that  the 
problem  of  finding  the  longitude  by  chronometers  is  one  of 
interpolation.  If  the  irregularities  of  the  chronometer  are 
regarded  as  accidental,  the  mean  error  of  an  interpolated  value 
of  the  correction  may  be  expressed  by  the  formula* 


V; 


iV 


+^ 


where  r  and  r'  have  the  same  signification  as  in  the  preceding 
article,  and  e  is  the  mean  (accidental)  error  in  a  unit  of  time. 
The  weight  of  such  an  interpolated  value  of  the  correction,  and, 
therefore,  also  the  weight  of  a  value  of  the  longitude  deduced 
from  it,  is  inversely  proportional  to  the  square  of  this  error,  and 
may,  therefore,  be  expressed  under  the  form 

where  /;  is  a  constant  arbitrarily  taken  for  the  whole  expedition, 
so  as  to  give  p  convenient  values,  since  it  is  only  the  relative 
weights  of  the  different  voyages  which  are  in  question. 

But  if  the  chronometer  variations  are  no  longer  accidental, 
but  follow  some  law  though  unknown,  a  special  investigation 
may  serve  to  give  empirically  a  more  suitable  expression  of  the 
weight  than  the  above.  Thus,  according  to  Struvb's  inv,estiga- 
tions  in  the  case  of  certain  clocks,  the  weight  of  an  interpolated 
value  of  the  correction  for  these  clocks  could  be  well  expressed 
by  the  formulaf 

But  even  this  expression  he  found  could  not  be  generally  applied ; 
and  he  finally  adopted  the  following  form  for  the  chronometric 
expedition: 

p  =     ^  (389) 

in  which  T  is  the  duration  of  an  entire  voyage,  including  the 

♦  See  Vol.  II.,  «« Chronometer." 
f  Expidition  Chran,,  p.  102. 
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time  of  rest  at  one  of  the  stations,  r,  r''  are  the  travelling  times 
of  the  voyage  to  and  from  a  station,  and  £*  is  an  arbitrary 
constant. 

Although  this  is  bat  an  empirical  formula,  it  represents  well 
the  several  conditions  of  the  problem.  YoVy  firsts  the  weight  of 
a  resulting  longitude  must  decrease  as  the  length  of  the  voyage 
increases ;  and,  second^  it  must  become  greater  as  the  difference 
between  the  two  travelling  times  r,  v"  decreases,  since  (as  is 
shown  in  Vol.  11.,  "  Chronometer")  an  interpolated  value  of  a 
clock  correction  is  probably  most  in  error  for  the  middle  time 
between  the  two  instants  at  which  its  corrections  are  given. 

220.    Comhinaiion  of  results  obtained  by  the  samt  chrcTiometery 

according  to  their  weights. — ^Let  X'j  >l",  X'^' be  the  several  values 

of  the  longitude  found  by  the  same  chronometer,  according  to 

the  method  of  Arts.  217  and  218 ;  and  p',  p",  ;>'" their 

weights  by  formula  (889)  (or  any  other  formula  which  may  be 
found  to  represent  the  actual  condition  of  the  voyages) ;  tiien, 
according  to  the  method  of  least  squares,  the  most  probable 
value  of  the  longitude  by  this  chronometer  is 

p'X'  +  p-r  +  p"'X-'  + 

^-p^    +    p"+    p-   + (»»«> 

and  if  the  difference  between  this  value  and  each  particular 
value  be  found,  putting 

/  —  £  =  i/,  r  —  i  =  t/',  r'  — £  =  t/",  &C- 

n  =  the  number  of  values  of  ^, 
f  =  the  mean  error  of  L, 
r  =  the  probable  error  of  £, 

then  we  shall  have 


\(n- 


f^'^'3_  r  =  0.6745.  (891) 


l)l>] 


where  [y]  denotes  the  sum  of  p\  p",  &c.,  and  [jnw]  the  sum  of 
pVr',  p"t)"v",  &c. 

221.  ComAinaiion  of  the  results  obtained  hy  different  chronometers, 
according  to  their  weights. — The  weights  of  the  results  hy  difierent 
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clironometers  are  inversely  proportional  to  the  squares  of  theif 
mean  errors.  The  weight  P  of  a  longitude  L  will,  therefore,  be 
expressed  generally  by 

ee 

in  which  k  is  arbitrary.  For  simplicity,  we  may  assume  A  =  1, ' 
and  then  by  the  above  value  of  t  we  shall  have 

Ifi  then,  L',  i",  L'" •.  are  the  values  found  by  the  several 

chronometers  by  (890),  P',  P",  P'" their  weights  by  (892), 

the  most  probable  final  value  of  the  longitude  is 

P'L'  +  P"i;'+P"'L"'^ 

"  P'    -L     P"     _L      pf"      JL, ^ 

Then,  putting 

i'-io=r,       L"^L^=T',       L*"-L,=  r"'   &c. 
JV=  the  number  of  valaes  of  i, 


we  have 


E  =  the  mean  error  of  L^y 
B  =  the  probable  error  of  i^, 


^  =  >/(jVr-^)7p]  ^  =  0-6745^  (894) 


222.  I  propose  to  illustrate  the  preceding  formulae  by  applying 
them  to  two  chronometers  of  Struve's  expedition,  namely, 
"Dent  1774"  and  "Hauth  31."  In  the  following  table  the 
longitudes  found  by  beginning  at  Pulkova  are  marked  P,  those 
found  by  beginning  at  Altona  are  marked  -4,  and  the  numeral 
accent  denotes  the  number  of  the  voyage.  The  weights  p  in  the 
second  column  are  as  given  by  Struve,  who  computed  them  by 
the  formula  (389),  taking  K=  34560  (the  intervals  T,  r,  z"  being 
in  hours),  which  is  a  convenient  value,  as  it  makes  the  weight  of 
a  voyage  of  nearly  mean  duration  equal  to  unity ;  namely,  for 
T=  288*,  r  =  r'  =  120*.   If  we  express  T,  r,  r",  in  days,  we  takp 

(24)' 
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and  we  ehall  have  Stkuve's  values  otp  by  the  formula 


P  = 


60 


Tl/rr" 


(895) 


Thns,  for  the  first  voyage,  we  have,  from  the  data  in  the  example 
of  Art  217, 

r  =<"'—<  =  11'  2».46  =  ll'.lOS 

T  =  5'.047  t"=  i'.SSa 

whence,  by  (895), 


J»  = 


60 


11.108  l/(5.047  X  4.558) 


=  1.18 


The  values  of  L'  and  L"  are  found  by  (390).  In  applying 
this  formula,  it  is  not  necessary  to  multiply  the  entire  longitudes 
by  their  weights,  but  only  those  figures  which  difier  in  the 
several  values.    Thus,  by  "Dent  1774"  we  have 

r , ^  1. 21- 80« -I-  g'-Sl  X  1.10  +  2'.83  X  102  +  2'09  X  1.14  +  &c. 
"*"  1.10  +  1.02  +  1.14  +  Ac. 

=  l»21-80'  +  2«.46 


Weight. 

Longltadea  by 

Longltadea  hj 

Ghronometer 

9 

pn 

Chronometer 

9 

Jim 

P 

DentVtn, 

BauthSL 

p» 

1.18 

1*  21"»  82«.91 

+  0'.80 

0.102 

A» 

1.06 

88.18 

+  0.62 

0.287 

pu 

1.10 

1*  21"»  82'.61 

-ho-.oe 

0.008 

88.86 

+  0.76 

0.619 

Att 

1.02 

82.88 

+  0.87 

0.140 

88.12 

+  0.61 

0.266 

pui 

1.14 

82.09 

—  0.87 

0.166 

82.66 

-0.06 

0.004 

AW 

1.06 

82.26 

—  0.21 

0.046 

81.66 

—  1.06 

1.168 

piT 

1.19 

81.69 

—  0.77 

0.706 

82.70 

+  0.09 

0.010 

A«» 

0.06 

82.77 

+  0.81 

0.092 

84.16 

+  1.66 

2.306 

P^ 

1.09 

82.79 

+  0.88 

0.119 

82.28 

—  0.88 

0.167 

A^ 

0.80 

82.64 

+  0.08 

0.006 

81.66 

—  0.96 

0.787 

PtI 

1.00 

82.94 

+  0.48 

0.280 

88.88 

+  0.77 

0.698 

A'* 

1.10 

81.98 

—  0.68 

0.809 

81.97 

—  0.64 

0.461 

pni 

1.20 

82.84 

—  0.12 

0.017 

88.16 

+  0.66 

0.868 

A** 

1.09 

82.96 

+  0.49 

0.262 

81.78 

—  0.88 

0.761 

p^tt 

0.76 

81.86 

-0.60 

0.274 

80.92 

—  1.69 

2.171 

A'W 

0.41 

88.77 

+  1.81 

0.704 

J 

7  =  1*1 

21-  82».46 

[pw-]  =  8.068 

Z"=l*21«82 

'.61    [pvvy. 

=  9.974 

fi . 

=  H             [p] 

=  18.91 

11  =  16 

[rf  = 

16.69 

1 

p'=H 

X^«-^^-69.0 
8.068 

4 

p._  14X16 
9.974 

±^  =  22.02 

r'-=-d: 

•''if==*=^.oi 

) 

r^'  =  ±:''t 

^dsO-.U 

s/P' 

1 

y/P 

ft 
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Combining  these  two  results,  we  have,  by  (393), 

A  =  P  21-  32.  +  0--46  X  59  +  0'.61  X  22  _  ^,  ^l-  82..501 
"  ^  59  +  22 

with  the  probable  error,  by  (394), 

B=±  0*.067 

This  agrees  very  nearly  with  the  final  result  from  the  sixly-eight 
chronometers. 

223.  In  the  preceding  method,  the  sea  rate  is  inferred  from 
two  comparisons  of  the  chronometer  made  at  the  same  place 
before  and  after  the  voyages  to  and  from  the  second  place ;  and 
the  correction  of  the  chronometer  on  the  time  of  the  first  place 
at  the  instant  when  it  is  compared  with  the  time  of  the  second 
place  is  interpolated  upon  the  theory  that  the  rate  has  changed 
uniformly.  This  theory  is  insufficient  when  the  temperature  to 
which  the  chronometer  is  exposed  is  not  constant  during  the 
two  voyages,  or  nearly  so.  I  shall,  therefore,  add  the  method 
of  introducing  the  correction  for  temperature  in  cases  where 
circumstances  may  seem  to  require  it. 

According  to  the  experience  of  M.  Lieusson,  the  rate  m  of  a 
chronometer  at  a  given  temperature  ?>  may  be  expressed  by  the 
formula  (see  Vol.  11.,  **  Chronometer") 

m  =  m^  +  k(^^  —  *o)*  —  ^*  (396) 

in  which  t?^  is  the  temperature  for  which  the  balance  is  compen- 
sated, Mq  the  rate  determined  at  that  temperature  at  the  epoch 
t  =  Oy  t  being  the  time  from  this  epoch  for  which  the  rate  m  is 
required,  k  the  constant  coefficient  of  temperature,  and  A'  that 
of  acceleration  of  the  chronometer  resulting  from  thickening  of 
the  oil  or  other  gradual  changes  which  are  supposed  to  be  pro- 
portional to  the  time. 

It  is  evident  that,  since  every  change  of  temperature  produces 
an  increase  of  iw,  the  term  k{&  —  &qY  will  not  disappear  even  when 
the  mean  value  of  t?  is  the  same  as  i?^-  I*  is  necessary,  therefore, 
to  determine  the  sum  of  the  effects  of  all  the  changes.  Let  us, 
therefore,  determine  the  accumulated  rate  for  a  given  period  of 
time  r.  Let  m^  be  the  rate  at  the  middle  of  this  period,  in  which 
case  we  have  in  the  formula  i  =  0.    A  strict  theory  requires  that 
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we  should  know  the  temperature  at  every  instant ;  hut,  in  default 
of  this,  let  us  assume  that  the  period  r  is  divided  into  sufficiently 
small  intervals,  and  that  the  temperature  is  observed  in  each. 
Let  us  suppose  n  equal  intervals  whose  sum  is  r,  and  denote  the 
observed  values  of  t?  by  t?<^>,  !?<%  i><^ 1>^*>.    The  rate 

in  the  Ist  interval  is  [m^  +  k  (*">  —  *o)*]  X  — 

"     2d       '^        K+^(*^'^-Wx^ 

&c.  &c. 

in  the  nth  interval  is  [m,  -[-*(*«—  t>^)']  X  — 

and  the  accumulated  rate  in  the  time  r  is  the  sum  of  these 
quantities, 

where  2 ^{9  —  t>o)*  denotes  the  sum  of  the  n  values  of  (^  —  &^*. 
To  make  this  expression  exact,  we  should  have  an  infinite  number 

of  infinitesimal  intervals,  or  we  must  put  -  =  rfr,  and  substitute 
the  integral  sign  Tfor  the  summation  symbol  I:  thus,  the  exact 
expression  for  the  whole  rate  in  the  time  r  is 

m^T  +  kf^(^^^,ydT  (397) 

This  integral  cannot  be  found  in  general  terms,  since  tf  cannot 
be  expressed  as  a  function  of  r ;  but  we  can  obtain  an  approxi- 
mate expression  for  it,  as  follows.  Let  t?j  be  the  mean  of  all  the 
observed  values  of  ?> ;  then  we  have 

^n  (*  -  *o)'=  ^n  [(*!  -  ''o)   +  (*  -  ^)r 

in  which  ^^  —  ^o  ^^  constant,  and,  therefore,  for  n  values  we  have 
I^  (t>j—  t?o)'=  n  (t>i—  t?o)*.  Moreover,  since  t?i  is  the  mean  of  all 
the  values  of !?,  we  have  I^  (i?  —  t?,)  =  0,  and,  consequently,  also 
i',2(e>,-!?o)(*-*i)  =  2(!?i-*,)2'.(T>-t?J  =  0;  and  the  above 
expression  becomes 

Z.(*  -  V=  *(*i-^o)*  + ^.(«- ^y 
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Hence,  also, 

or,  for  an  infinite  value  of  n, 

So  (*  -  *»)'^^  =  ^(^-  *o)'  +  /o^*  -  ^)'^^ 

Thus,  the  required  integral  depends  upon  the  integral  j    (t? — t^J*  rfr, 

which  may  be  approximately  found  from  the  observed  values  of 
^  by  the  theory  of  least  squares.  For,  if  we  treat  the  values  of 
t>  —  ^1  as  the  errors  of  the  observed  values  of  t?,  and  denote  the 
mean  error  (according  to  the  received  acceptation  of  that  term 
in  the  method  of  least  squares)  by  e,  we  have 

,,^^,(^-^)'  (398) 

n  —  1 

in  which  n  is  the  actual  number  of  observed  values  of  !?.  If  we 
assume  that  a  more  extended  series  of  values,  or  indeed  an  infi- 
nite series,  would  exhibit  the  same  mean  error  (which  will  be 
the  more  nearly  true  the  greater  the  number  n),  we  assume  the 
general  relation 

in  which  NiQ  any  number.    Hence,  also, 

T  JV— 1 

and,  making  N  infinite, 

/o''(*-*i)"^^=^^  (899) 

Substituting  this  value,  the  formula  (397)  becomes 

or  [mo  +  A  (i?,  —  ^,)«  +  fe«]r  (400) 

from  which  it  appears  that  70^+  1^{^\—  ^o)*+  ^'^*  is  the  mean  rate 
in  a  unit  of  time  for  the  interval  r,  m^  being  the  rate  at  the 
middle  of  the  interval  for  a  temperature  t?  =  i?,,.  For  any  subse- 
quent interval  r',  we  must,  according  to  (396),  replace  m^  by 
71%^—  k%  i  being  the  interval  from  the  middle  of  r  to  the  middle 
of  r'. 
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Now,  let  us  suppose  that  the  chronometer  correction  is  obtained 
by  astronomical  observations  at  the  station  JL,  at  the  times  T^ 
and  7^,  before  starting  upon  the  voyage,  and  again  after  reaching 
the  station  £,  at  the  times  7^,  and  T^  these  times  being  all 
reckoned  at  the  same  meridian.  Let  d^y  a^  a^  a^,  be  the  observed 
corrections,  and  put 

so  that  r  and  r''  are  the  shore  intervals  and  r'  the  sea  interval. 
Let  the  adopted  epoch  of  the  rate  m^  be  the  middle  of  the  sea 
interval  r' ;  then,  by  (400),  with  the  correction  A:7,  the  accumu 
lated  rates  in  the  three  intervals  are^ 

X  +  a,-  a,  =  [m„  +/:(V  --^o)'  +  *^']^  }   (401) 

in  which  t?i,  t?/,  t>/'  are  the  mean  temperatures  in  the  intervals 
r,  r',  r",  and  6,  e',  e''  are  found  by  the  formula  (898).  These 
three  equations  determine  the  three  unknown  quantities  m^  k\ 
and  X.    If  we  put 

we  have,  from  the  first  and  third  equations, 


^  +  i(r+^') 


m,=  ^^+ik!(y^^r) 


which  substituted  in  the  second  equation  gives  X.  If,  however, 
we  prefer  to  compute  the  approximate  longitude  without  con- 
sidering the  temperatures,  and  afterwards  to  correct  for  tempe- 
rature, we  shall  have 
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These  formulsB  apply  to  a  voyage  in  either  direction ;  but  in  the 
case  of  a  voyage  from  west  to  east  they  give  X  with  the  negative 
sign. 

The  term  i^V'  — t)^'  in  the  first  equation  of  (402)  will  not 
be  rigorously  obtained  if  the  temperatures  are  neglected ;  but  it 
is  usually  an  insensible  term  in  practice,  as  r"  and  r  are  made 
as  nearly  equal  as  possible,  and  k'  is  always  very  small. 

In  combining  the  results  of  different  chronometers  employed 
in  the  same  voyage,  the  weight  of  each  may  be  assigned  accord* 
ing  to  the  regularity  of  the  chronometer  as  determined  from  its 
observed  rates  from  day  to  day.* 

SECOND   METHOD. — BY   SIGNALS. 

224.  Terrestrial  Signals. — If  the  two  stations  are  so  near  to  each 
other  that  a  signal  made  at  either,  or  at  an  intermediate  station, 
can  be  observed  at  both,  the  time  may  be  noted  simultaneously 
by  the  clocks  of  the  two  stations,  and  the  difference  of  longitude 
at  once  inferred.  The  signals  may  be  the  sudden  disappearance 
or  reappearance  of  a  fixed  light,  or  flashes  of  gunpowder,  &c. 

If  the  places  are  remote,  they  may  be  connected  by  interme- 
diate signals.  For  example :  suppose  four  stations,  A^  B,  Q  Z), 
chosen  from  east  to  west,  the  first  and  last  being  the  principal 
stations  whose  difference  of  longitude  is  required.  At  the  in- 
termediate stations  -B,  C  let  observers  be  stationed  with  good 
chronometers  whose  rates  are  known.  Let  signals  be  made  at 
three  points  intermediate  between  A  and  5,  B  and  C,  C  and  D, 
respectively.  The  signals  must,  by  a  preconcerted  arrangement, 
be  made  successively,  and  so  that  the  observers  at  the  interme- 
diate stations  may  have  their  attention  properly  directed  upon 
the  appearance  of  the  signal.  If,  then,  at  the  first  signal  the 
observers  at  A  and  B  have  noted  the  times  a  and  b;  at  the 


*  Besides  the  papers  already  referred  to,  see  the  Report  of  the  Superintendent  of 
the  U.  S.  Coast  Siurey  for  1867,  p.  814. 
Vol.  L— 22 
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second  signal  the  observers  at  £  and  Cthe  times  6'  and  c;  at 
the  third  signal  the  observers  at  C  and  D  the  times  <?'  and  d;  it 
is  evident  that  the  time  at  A  when  the  third  signal  is  made  is 
a  +  {b'—b)  +  ((?'—  (j),  at  which  instant  the  time  at  D  is  d:  hence 
the  difference  of  longitude  of  A  and  D  is 


jl  =  a  +  (6'  — 6)  +  (</  — c)  —  <f 


(403) 


and  so  on  for  any  number  of  intermediate  stations.  It  is  re- 
quired of  the  intermediate  chronometers  only  that  they  should 
give  correctly  the  differences  6'—  6,  c' — c,  for  which  purpose 
only  their  rates  must  be  accurately  known.  The  daily  rates  are 
obtained  by  a  comparison  of  the  instants  of  the  signals  on  suc- 
cessive days.  Small  errors  in  the  rates  will  be  eliminated  by 
making  the  signals  both  from  west  to  east  and  from  east  to 
west,  and  taking  the  mean  of  the  results. 

The  intervals  given  by  the  intermediate  chronometers  should, 
of  course,  be  reduced  to  sidereal  intervals,  if  the  clocks  at  the 
extreme  stations  are  regulated  to  sidereal  time. 


Example. — ^Prom  the  Description  GSomStrique  de  la  France 
(Puissant).  On  the  26th  of  August,  1824,  signals  were  observed 
between  Paris  and  Sirasburg  as  follows : 


Parifl. 

Intermediate  Stations. 

StraBborg. 

A 
19*  6*  20*.3 

B 

8»  49*  48-.2 
8  54   10.8 

C 

9*16*    0-.2 
9  30   37.8 

D 
19*  46*  51*.4 

The  correction  of  the  Paris  clock  on  Paris  sidereal  time  was 
—  36*.2 ;  that  of  the  Strasburg  clock  on  Strasburg  sidereal  time  was 
^  27*.7.  The  chronometers  at  B  and  Cwere  regulated  to  mean 
time,  and  their  daily  rates  were  so  small  as  not  to  be  sensible  in 
the  short  intervals  which  occurred. 
We  have 

y— 6=   4«22*.6 

d-^c  =  U  87.6 
Mean  interval  =19  0  .2 
Eed.  to  sid.  int.  =  -f-  8  .1 
Sid.  interval       =19     8 .8 
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Paris  clock  19*    6~  20«.3     Strasburg  clock         19»  46- 51-.4 

Correction  —  36 .2    Correction  —      27  J 

Paris  Bid.  time  l9     5   44 .1    Strasburg  sid.  time  19  46   23.7 

Sid.  interval  +19     3 .3 

Pans  Bid.  time  of  the  i  ^        .    ,     . 
last  signal  [^^  ^4   47.4 

Strasburg  do.  19  46    23.7 

X=    0*21«36'.3 

In  the  survey  of  the  boundary  between  the  United  States  and 
Mexico,  Major  W.  H.  Emory,  in  1852,  employed  flashes  of  gun- 
powder as  signals  in  determining  the  dift'.  of  long,  of  Frontera 
and  San  Elciario.* 

The  signals  may  be  given  by  the  heliotrope  of  Gauss,  by  which 
an  image  of  the  sun  is  reflected  constantly  in  a  given  direction 
towards  the  distant  observer.  Either  the  sudden  eclipse  of  the 
light,  or  its  reappearance,  may  be  taken  as  the  signal;  the 
eclipse  is  usually  preferred. 

Among  the  methods  by  terrestrial  signals  may  be  included 
that  in  which  the  signal  is  given  by  means  of  an  electro-tele- 
graphic wire  connecting  the  two  stations;  but  this  important 
and  exceedingly  accurate  method  will  be  separately  considered 
below. 

225.  Celestial  Signals. — Certain  celestial  phenomena  which  are 
visible  at  the  same  absolute  instant  by  observers  in  various  parts 
of  the  globe,  may  be  used  instead  of  the  terrestrial  signals  of  the 
preceding  article :  among  these  we  may  note — 

a.  The  bursting  of  a  meteor,  and  the  appearance  or  disappear- 
ance of  a  shooting  star. — The  difliculty  of  identifying  these 
objects  at  remote  stations  prevents  the  extended  use  of  this 
method. 

6.  The  instant  of  beginning  or  ending  of  an  eclipse  of  the 
moon. — ^This  instant,  however,  cannot  be  accurately  observed, 
on  account  of  the  imperfect  definition  of  the  earth's  shadow.  A 
rude  approximation  to  the  difference  of  longitude  is  all  that  can 
be  expected  by  this  method. 

c.  The  ecUpses  of  Jupiter's  satellites  by  the  shadow  of  that 
planet. — The  Greenwich  times  of  the  disappearance  of  each 

*  proceedings  of  Sth  Meeting  of  Am.  Association,  p.  64. 
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satellite,  and  of  its  reappearance,  are  accurately  given  in  the 
Ephemeris:  so  that  an  observer  who  has  noted  one  of  these 
phenomena  has  only  to  take  the  difference  between  this  observed 
local  time  of  its  occurrence  and  the  Greenwich  time  given  in  the 
Ephemeris,  to  have  his  absolute  longitude.  With  telescopes  of 
different  powers,  however,  the  instant  of  a  satellite's  disappear- 
ance must  evidently  vary,  since  the  eclipse  of  the  satellite  takes 
place  gradually,  and  the  more  powerful  the  telescope  the  longer 
will  it  continue  to  show  the  satellite.  If  the  disappearance  and 
reappearance  are  both  observed  with  the  same  telescope,  the 
mean  of  the  results  obtained  will  be  nearly  free  from  this  error. 
The  first  satellite  is  to  be  preferred,  as  its  eclipses  occur  more 
frequently  and  also  more  suddenly.  Observers  who  wish  to 
deduce  their  difference  of  longitude  by  these  eclipses  should  use 
telescopes  of  the  same  power,  and  observe  under  the  same 
atmospheric  conditions,  as  nearly  as  possible.  But  in  no  case 
can  extreme  precision  be  attained  by  this  method. 

d.  The  occultatioTis  of  Jupiter's  satellites  by  the  body  of  the 
planet. — The  approximate  Greenwich  times  of  the  disappearance 
behind  the  disc,  and  the  reappearance  of  each  satellite,  are  given 
in  the  Ephemeris.  These  predicted  times  serve  only  to  enable 
the  observers  to  direct  their  attention  to  the  phenomenon  at  the 
proper  moment. 

e.  The  transits  of  the  satellites  over  Jupiter's  disc. — The  ap- 
proximate Greenwich  times  of  "ingress"  and  "egress,"  or  the 
first  and  last  instants  when  the  satellite  appears  projected  on 
the  planet's  disc,  are  given  in  the  Ephemeris. 

/.  The  transits  of  the  shadows  of  the  satellites  over  Jupiter's 
disc. — The  Greenwich  times  of  "ingress"  and  "egress"  of  the 
shadow  are  also  approximately  given  in  the  Ephemeris. 

Among  the  celestial  signals  we  may  include  also  eclipses  of 
the  sun,  or  occupations  of  stars  and  planets  by  the  moon,  or, 
in  general,  the  arrival  of  the  moon  at  any  given  position  in  the 
heavens;  but,  in  consequence  of  the  moon's  parallax,  these 
eclipses  and  occultations  do  not  occur  at  the  same  absolute  in- 
stant for  all  observers,  and,  in  general,  the  moon's  apparent 
position  in  the  heavens  is  affected  by  both  parallax  and  refrac- 
tion. The  methods  of  employing  these  phenomena  as  signals, 
therefore,  involve  special  computations,  and  will  be  hereafter 
treated  of.  See  the  general  theory  of  eclipses,  and  the  method 
of  lunar  distances 
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THIRD   METHOD. — BY  THE   ELECTRIC  TELEGRAPH. 

226.  It  IB  evident  that  the  clocks  at  two  stations,  A  and  B, 
may  be  compared  by  means  of  signals  communicated  through 
an  electro-telegraphic  wire  which  connects  the  stations.  Sup- 
pose at  a  time  T  by  the  clock  at  A,  a  signal  is  made  which  is 
perceived  at  B  at  the  time  T'  by  the  clock  at  that  station.  Let 
A^and  aT^  be  the  clock  corrections  on  the  times  at  these  sta- 
tions respectively  (both  being  solar  or  both  sidereal).  Let  x  be 
the  time  required  by  the  electric  current  to  pass  over  the  wire ; 
then,  A  being  the  more  easterly  station,  we  have  the  difference 
of  longitude  k  by  the  formula 

;i  =  (  T  +  A  T)  —  (  T'  +  A  r')  -t-  X  =  A,  -t-  x 

Since  x  is  unknown,  we  must  endeavor  to  eliminate  it.  For 
this  purpose,  let  a  signal  be  made  at  B  at  the  clock  time  T", 
which  is  perceived  at  A  at  the  clock  time  7"'' ;  then  we  have 

In  these  formulae  ^,  and  ^  denote  the  approximate  values  of  the 
difference  of  longitude,  found  by  signals  east-west  and  west-east 
respectively,  when  the  transmission  time  x  is  disregarded;  and 
the  true  value  is 

Such  is  the  simple  and  obvious  application  of  the  telegraph  to 
the  determination  of  longitudes;  but  the  degree  of  accuracy 
of  the  result  depends  greatly — more  than  at  first  appears — 
upon  the  manner  in  which  the  signals  are  communicated  and 
received. 

Suppose  the  observer  at  A  taps  upon  a  signal  key*  at  an  exact 
second  by  his  clock,  thereby  producing  an  audible  click  of  the 
armature  of  the  electro-magnet  at  B.  The  observer  at  B  may 
not  only  determine  the  nearest  second  by  his  clock  when  he 
hears  this  click,  but  may  also  estimate  the  fraction  of  a  second; 
and  it  would  seem  that  we  ought  in  this  way  to  be  able  to  deter- 
mine a  longitude  within  one-tenth  of  a  second.  But,  before  even 
this  degree  of  accuracy  can  be  secured,  we  have  yet  to  eliminate, 
or  reduce  to  a  minimum,  the  following  sources  of  error: 

*  See  VoL  II.,  "  Chronograph/'  for  the  details  of  the  apparatus  here  aUuded  to. 
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Ist.  The  personal  error  of  the  observer  who  gives  the  signal; 
2d.  The  personal  error  of  the  observer  who  receives  the  signal 

and  estimates  the  fraction  of  a  second  by  the  ear; 
3d.  The  small  fraction  of  time  required  to  complete  the  galyanio 

circait  after  the  finger  touches  the  signal  key; 
4th.  The  armature  time,  or  the  time  required  by  the  armature  at 

the  station  where  the  signal  is  received,  to  move  through 

the  space  in  which  it  plays,  and  to  give  the  audible  click; 
5th.  The  errors  of  the  supposed  clock  corrections,  which  involve 

errors  of  observation,  and  errors  in  the  right  ascensions  of 

the  stars  employed. 

For  the  means  of  contending  successfully  with  these  sources 
of  error  we  are  indebted  to  our  Coast  Survey,  which,  under  the 
superintendence  of  Prof.  Bache,  not  only  called  into  existence 
the  chronographic  instruments,  but  has  given  us  the  most  effi- 
cient method  of  using  them.  The  "method  of  star  signals,"  as 
it  is  called,  was  originally  suggested  by  the  distinguished  astro- 
nomer Mr.  S.  C.  Walker,  but  its  full  development  in  the  form 
now  employed  in  the  Coast  Survey  is  due  to  Dr.  B.  A.  Gould. 

227.  Method  of  Star  Signals. — The  difference  of  longitude  be- 
tween the  two  stations  is  merely  the  time  required  by  a  star  to 
pass  from  one  meridian  to  the  other,  and  this  interval  may  be 
measured  by  means  of  a  single  clock  placed  at  either  station,* 
but  in  the  main  galvanic  circuit  extending  from  one  station  to 
the  other.  Two  chronographs,  one  at  each  station,  are  also  in 
the  circuit,  and,  when  the  wires  are  suitably  connected,  the  clock 
seconds  are  recorded  upon  both.  A  good  transit  instrument  is 
carefully  mounted  at  each  station. 

When  the  star  enters  the  field  of  the  transit  instrument  at  A 
(the  eastern  station),  the  observer,  by  a  preconcerted  signal  with 
his  signal  key,  gives  notice  to  the  assistants  at  both  A  and  JB^ 
who  at  once  set  the  chronographs  in  motion,  and  the  clock  then 
records  its  seconds  upon  both.  The  instants  of  the  star's  tran- 
sits over  the  several  threads  of  the  reticule  are  also  recorded 
upon  both  chronographs  by  the  taps  of  the  observer  upon  his 
signal  key.    When  the  star  has  passed  all  the  threads,  the  ob- 


*  The  clock  may,  indeed,  be  at  any  place  which  is  in  telegraphic  conneotion  with 
the  two  Btatione  whose  difference  of  longitude  la  to  be  found. 
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server  indicates  it  by  another  preconcerted  signal,  the  chrono* 
graphs  are  stopped,  and  the  record  is  suitably  marked  with  date^ 
name  of  the  star,  and  place  of  observation,  to  be  subsequently 
identified  and  read  off  accurately  by  a  scale.  When  the  star 
arrives  at  the  meridian  of  -6,  the  transit  is  recorded  in  the  same 
manner  upon  both  chronographs. 

Suitable  observations  having  been  made  by  each  observer  to 
determine  the  errors  of  his  transit  instrument  and  the  rate  of 
the  clock,  let  us  put 

2\  =^  the  mean  of  the  clock  times  of  the  eastern  transit  of 
the  star  over  all  the  threads,  as  read  from  the  chrono- 
graph at  A, 

T,  =  the  same,  as  read  from  the  chronograph  at  B^ 

T/  =  the  mean  of  the  clock  times  of  the  western  transit  of 
the  star  over  all  the  threads,  as  read  from  the  chrono- 
graph at  A, 

T/  =  the  same  as  read  from  the  chronograph  at  B, 

e,€^^  the  personal  equations  of  the  observers  at  A  and  J3 
respectively, 

t,t'=  the  corrections  of  T^  and  T/  (or  of  T.and  T/)  for 
the  state  of  the  transit  instruments  at  A  and  B,  or 
the  respective  *'  reductions  to  the  meridian"  (Vol.  II., 
Transit  Inst.), 

dT=  the  correction  for  clock  rate  in  the  interval  T/  —  T^, 
X  =  the  transmission  time  of  the  electric  current  between 

A  and  B, 
X  =■  the  difference  of  longitude; 

then  it  is  easily  seen  that  we  have,  from  the  chronographic 
records  at  Aj 

and  from  the  chronographic  records  at  Bj 

A  =  T;+dr+T'  +  e'  +  a:-(r,+  r  +  0 
and  the  mean  of  these  values  is 

^  =  H(^/+r;)  +  r']-[Kr,+  r.)  +  r]  +  Jr+e'-«    (404) 
which  we  may  briefly  express  thus : 

X  =  X^+€f—e 
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in  which 

}^=  the  approximate  difference  of  longitude  found  by  the 
exchange  of  star  signals,  when  the  personal  equations 
of  the  observers  are  neglected. 

This  equation  would  be  final  if  e'—  e,  or  the  relative  personal 
equation  of  the  observers,  were  known :  however,  if  the  observers 
now  exchange  stations  and  repeat  the  above  process,  we  shall 
have,  provided  the  relative  personal  equation  is  constant. 

In  which  Aj  is  the  approximate  difierence  of  longitude  found  aa 
before ;  and  hence  the  final  value  is 

I  have  not  here  introduced  any  consideration  of  the  armature 
time,  because  it  affects  clock  signals  and  star  signals  in  the  same 
manner;  and  therefore  the  time  read  from  the  chronographic 
fillet  or  sheet  is  the  same  as  if  the  armature  acted  instanta- 
neously.* It  is  necessary,  however,  that  this  time  should  be 
constant  from  the  first  observation  at  the  first  station  to  the 
last  observation  at  the  second,  and  therefore  it  is  important  that 
no  changes  should  be  made  in  the  adjustments  of  the  apparatus 
during  the  interval 

As  the  observer  has  only  to  tap  the  transits  of  the  star  over 
the  threads,  the  latter  may  be  placed  very  close  together.  The 
reticules  prepared  by  Mr.  W.  Wurdemann  for  the  Coast  Survey 
have  generally  contained  twenty-five  threads,  in  groups  or  "tal- 
lies" of  five,  the  equatorial  intervals  between  the  threads,  of  a 
group  being  2*.5,  and  those  between  the^  groups  5';  with  an  ad- 
ditional thread  on  each  side  at  the  distance  of  lO*  for  use  in  ob- 
servations by  "eye  and  ear."  Except  when  clouds  intervene 
and  render  it  necessary  to  take  whatever  threads  may  be  avail- 
able, only  the  three  middle  tallies,  or  fifteen  threads,  are  used. 
The  use  of  more  has  been  found  to  add  less  to  the  accuracy  of  a 

*  Dr.  B.  A.  Gould  thinks  that  the  armature  time  yaries  with  the  strength  of  the 
battery  and  the  distance  (and  consequent  weakness)  of  the  signal;  being  thus  liable 
to  be  oonfounded  with  the  transmission  time.  The  effect  upon  the  difference  of 
longitude  will  be  inappreciable  if  the  batteries  are  maintained  at  nearly  the  same 
itrength- 
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determination  than  is  lost  in  consequence  of  the  greater  fatigue 
fipom  concentrating  the  attention  for  nearly  twice  as  long. 

A  large  number  of  stars  may  thus  be  observed  on  the  same 
night ;  and  it  will  be  well  to  record  half  of  them  by  the  clock 
at  one  station,  and  the  other  half  by  the  clock  at  the  other 
station,  upon  the  general  principle  of  varying  the  circumstances 
under  which  several  determinations  are  made,  whenever  practi- 
cable, without  a  sacrifice  of  the  integrity  of  the  method.  For 
this  reason,  also,  the  transit  instruments  should  be  reversed 
during  a  night's  work  at  least  once,  an  equal  number  of  stars 
being  observed  in  each  position,  whereby  the  results  will  be 
freed  from  any  undetermipjd  errors  of  coUimation  and  inequality 
of  pivots.  Before  and  after  the  exchange  of  the  star  signals, 
each  observer  should  take  at  least  two  circumpolar  stars  to 
determine  the  instrumental  constants  upon  which  r  and  t' 
depend.  This  part  'of  the  work  must  be  carried  out  with  the 
greatest  precision,  employing  only  standard  stars,  as  the  errors 
of  r  and  r'  come  directly  into  the  difference  of  longitude.  The 
right  ascensions  of  the  "signal  stars"  do  not  enter  into  the 
computation,  and  the  result  is,  therefore,  wholly  free  from  any 
error  in  their  tabular  places:  hence  any  of  the  stars  of  the 
larger  catalogues  may  be  used  as  signal  stars,  and  it  will  always 
be  possible  to  select  a  sufficient  number  which  culminate  at 
moderate  zenith  distances  at  both  stations,  (unless  the  difference 
of  latitude  is  unusually  great),  so  that  instrumental  errors  will 
have  the  minimum  effect. 

A  single  night's  work,  however,  is  not  to  be  regarded  as  con- 
clusive, although  a  large  number  of  stars  may  have  been  ob- 
served and  the  results  Appear  very  accordant;  for  experience 
shows  that  there  are  always  errors  which  are  constant,  or  nearly 
so,  for  the  same  night,  and  which  do  not  appear  to  be  represented 
in  the  corrections  computed  and  applied.  Their  existence  is 
proved  when  the  mean  results  of  different  nights  are  compared. 
Moreover,  it  is  necessary  to  interchange  the  observers  in  order 
to  eliminate  their  personal  equations.  The  rule  of  the  Coast 
Survey  has  been  that  when  fifty  stars  have  been  exchanged  on 
not  less  than  three  nights,  the  observers  exchange  stations,  and 
fifty  stars  are  again  exchanged  on  not  less  than  three  nights. 
The  observers  should  also  meet  and  determine  their  relative 
personal  equation,  if  possible,  before  and  after  each  series,  as  it 
may  prove  that  this  equation  is  not  absolutely  constant. 
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Before  entering  upon  a  series  of  star  signals,  each  observer 
will  be  provided  with  a  list  of  the  stars  to  be  employed.  The 
preparation  of  this  list  requires  a  knowledge  of  the  approximate 
difference  of  longitude  in  order  that  the  stars  may  be  so  selected 
that  transits  at  the  two  stations  may  not  occur  simultaneously. 

Example. — ^For  the  purpose  of  finding  the  difference  of  longi- 
tude between  the  Seaton  Station  of  the  U.  S.  Coaat  Survey  and 
Raleigh,  a  list  of  stars  was  prepared,  from  which  I  extract  the 
following  for  illustration.    The  latitudes  are 

Soaton  Station  (Washington)       ^  =  +  38**  53'.4 
Ealeigh     "       (North  Carolina)  ^  =  +  35   47 .0 

and  Raleigh  is  assumed  to  be  west  from  Washington  6"*  80*. 


Seaton  sidereal 

BUT. 

Mag. 

a 

6 

time  of  Raleigh 
transit. 

No.  6086  B.A.C. 

3 

15»   9«  86* 

+  83°  52' 

15*  16-    6* 

6084 

4.8 

18    58 

37    64 

26   28 

5181 

H 

27     2 

31    61 

33   82 

5192 

5 

86   35 

26   46 

43     6 

5259 

6 

46   43 

36     7 

52   13 

6822 

H 

55   59 

23    12 

16     2   29 

5888 

^ 

16     4     9 

45    19 

10   89 

5463 

8.4 

16   21 

46   40 

21   51 

The  following  table  contains  the  observations  made  on  one  of 
these  stars  at  the  above-named  stations  by  the  U.  S.  Coast  Survey 
telegraphic  party  in  1853,  April  28,  under  the  direction  of  Dr. 
B.  A.  (JOULD. 

In  this  table  "  Lamp  W."  expresses  the  position  of  the  rotation 
axes  of  the  transit  instruments.  The  1st  column  contains  the  sym- 
bols by  which  the  fifteen  threads  of  the  three  middle  tallies  were 
denoted ;  the  2d  column,  the  times  of  transit  of  the  star  over 
each  thread  at  Seaton,  as  read  from  the  chronographs  at  Seaton; 
the  8d  column,  the  times  of  these  transits  as  read  from  the  chro^ 
nographs  at  Raleigh ;  the  4th  column,  the  mean  of  the  2d  and  3d 
colunms ;  the  5th  column,  the  reduction  of  each  thread  to  the 
mean  of  all,  computed  from  the  known  equatorial  intervals  of 
the  threads ;  the  6th  column,  the  time  of  the  star's  transit  over 
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the  mean  of  the  threads,  being  the  algebraic  sum  of  the  numbers 
in  the  4th  and  5th  columns ;  and  the  remaining  columns,  the 
Raleigh  observations  similarly  recorded  and  reduced. 


BEATON— RALBIGH,  1868  April  28.                           Star  No.  5289  B.  A.  a 

flMtonOlM.    LunpW. 

BalefghOtw.    LampW. 

ThreML 

T, 

n 

MauL 

Red. 

r,+  r. 

r.' 

r.' 

M«n. 

Red. 

r/+2;' 

2 

2 

1 

«7».97 
41.37 
44.03 

47.81 
60.76 

MM 
OM 
16*  40"  8  .40 
6.70 
9.58 

16j03 
19.-26 
22.47 
25.60 
28.60 

96»M 
41.84 
44.21 
47  74 
50.70 

67.10 
0.04 
8JW 
6.70 
9.68 

UM 
19.30 
22.45 
25.60 
28.70 

87«.98 
41.36 
44.12 

47.78 
50.73 

57.03 
OM 
8.89 
0.70 
9.68 

15.98 
19.28 
22.46 
26.60 
28.66 

+  26*49 
22.21 
19  iW 
16.71 
12.71 

6.21 

8.25 

+    0.05 

—   8.03 

6.28 

12  JM 
16.83 
18.99 
22.23 
25.33 

8«.47 
8.67 
8.18 
849 
844 

8,24 
8.80 
8.44 

8.44 
8.46 
8.47 
8.38 
8.82 

i'i^is 

17.60 
20.88 
83.90 

80.10 
33.34 
16*6^86  40 
89.61 
48.00 

49.04 
62^ 
KM 
68.73 
2.08 

IKOO 
14.60 
17.66 
'20.79 
23.87 

30.06 
33.25 
36.80 
39.63 
48JlK> 

48J^1 
52.33 
56.41 
58.60 
2.08 

IKOO 
14.64 
17.68 
20.84 
23.89 

30.12 
33.80 
36.35 
39.57 
48  XW 

48.92 
52.32 
55  46 
58.67 
2.06 

+  2S*.45 
22.25 
19.05 
15.85 
12.70 

6.32 

8.18 

+    0.07 

—   8.16 

6.36 

12.76 
16.00 
19.10 
22.20 
25.38 

86*.46 
86.79 
86.68 
86.69 
86.59 

86.44 
86.48 
86  42 
86.41 
86.64 

[36  .17] 
86.42 
86.30 
36.47 
36.70 

Mean: 

-8.392: 

Mean» 

:  36  .585 

The  numbers  in  the  last  column  for  each  station  would  be  equal 
if  the  observations  and  chronographic  apparatus  were  perfect ; 
and  by  carrying  them  out  thus  individually  we  can  estimate  their 
accuracy.  The  numbers  [3.67]  at  Beaton  and  [36.17]  at  Raleigh 
are  rejected  by  the  application  of  Peircb's  Criterion  (see  Ap- 
pendix, Method  of  Least  Squares),  and  the  given  means  are 
found  from  the  remaining  numbers. 

The  corrections  of  the  transit  instruments  for  this  star 
(iJ  =  +  36°6'.9)were 

for  the  Seaton  iDStrumeDt,  r  =  —  0*.028 
"    «    Ealeigh  «  t'  =  — 0.193 

The  rate  of  the  clock  was  insensible  in  the  brief  interval 
r/ —  T.  Hence,  neglecting  the  personal  equations  of  the  oV 
servers,  the  difference  of  longitude  is  found  as  follows : 

i(T/+  T;)  +  t'=  15*  62-  36'.342 
i(^i+  y,  )  +  r  =  15  46      3  .364 


X,= 


6    32.978 


In  this  manner  seven  other  stars  were  observed  on  the  same 
night,  and  the  results  were  as  follows : 
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SUr 

\ 

DUr.  from  mean 

=  V 

6036  B.  A.  C. 

6-  83'.03 

H-0'.04 

6084   « 

33.09 

+  0.10 

6181   « 

82.91 

—  0.08 

6192   " 

88.00 

+  0.01 

6269   " 

32.98 

—  0.01 

6322   « 

38.00 

+  0.01 

6388   " 

88.02 

+  0.08 

5468   « 

82.91 

—  0.08 

Mean  X^=  6  S2 .99 

From  the  residuals  i?,  we  deduce  the  mean  error  of  a  single 
determination  by  one  star, 


V(aV)=V(^)— 


•=v(av)= 

and  hence  the  mean  error  of  the  value  6"*  82*.99  is 


'•  =  =fc 


0^06 
1/8 


=  it  0-.02 


But  this  error  will  be  somewhat  increased  by  those  errors  of  the 
instruments  which  are  constant  for  the  night,  and  not  represented 
In  r  and  r',  and  by  the  errors  of  the  personal  equations  yet  to  be 
applied.  Moreover,  a  greater  number  of  determinations  should 
be  compared,  in  order  to  arrive  at  a  just  evaluation  of  the  mean 
error. 

228.  Vehciiy  of  the  galvanic  current. — ^Recurring  to  the  equations 
of  p.  343,  we  find,  by  taking  the  difierence  between  the  values 
of  X  given  by  the  chronographic  records  at  the  two  stations, 

a:  =  }(r/-T;)+}(r.-ri) 

If  the  clock  is  at  the  eastern  station  {A\  the  time  T^  will  not 
differ  from  7\,  except  in  consequence  of  irregularities  in  the 
chronographs  and  errors  in  reading  them,  and  therefore  we 
should  find  z  solely  from  the  times  7"/  and  7^',  or 


x  =  }(?;'- ^;) 


(406) 
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In  like  manner,  if  the  clock  is  at  the  western  station,  we  find  x 
by  the  formula 

Thus,  in  general,  the  transmission  time  will  be  deduced  by  com- 
paring the  records  of  the  star  signals  made  at  one  station  when 
the  clock  is  at  the  other  station. 

In  the  above  example,  the  clock  was  at  Washington,  and 
hence,  from  the  record  of  the  transit  at  Raleigh,  we  have  fourteen 
values  of  jT/—  T^'=2x,  as  follows: 


+  0'.08 

4-0'.08 

4-     .05 

+     00 

+     .09 

+     .23 

-f-     .03 

—    .03 

■i-    .14 

+     .09 

-}-     .09 

+     .18 

+     .10 

+     .00 

That  these  are  not  merely  accidental  residuals  is  shown  by 
the  permanence  of  sign,  with  the  single  exception  in  the  case 
of  the  eleventh  observation.  The  discrepancies  between  them 
indicate  accidental  variations  in  the  chronographs,  combined  with 
errors  in  reading  off  the  record.  Taking  the  mean,  as  elimi- 
nating to  a  certain  extent  these  errors,  we  have 

2x  =  0*.077  X  =.  0-.0385 

From  this  value  of  x  and  the  distance  of  the  stations  we  can 
deduce  the  velocity  per  second  of  the  galvanic  current.  In  the 
present  instance,  the  length  of  the  wire  was  very  nearly  300 
miles,  and,  if  the  above  single  observation  could  be  depended 

upon,  we  should  have,  velocity  per  second  =  =  7792  miles, 

which  is  doubtless  too  small. 

The  velocity  thus  found,  however,  appears  to  depend  upon 
the  intensity  of  the  current,*  as  has  been  shown  by  varying  the 
battery  power  on  diiFerent  nights.  It  has  also  been  found  that 
the  velocities  determined  from  signals  made  at  the  east  and  west 
stations  differed,  and  that  this  difference  was  apparently  depfend- 


*  It  depends  also  upon  the  sectional  area,  molecular  structure,  and,  of  course, 
material,  of  the  wire. 
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ent  upon  the  strength  of  the  batteries;  the  velocities  from  signals 
east-west  and  signals  west-east  coming  out  more  and  more 
nearly  equal  as  the  strength  of  the  batteries  was  increased.  See 
Dr.  Gould's  Report  on  telegraphic  determinations  of  differ- 
ences of  longitude,  in  the  Report  of  the  Superintendent  of  the 
U.  S.  Coast  Survey  for  1857,  Appendix  ISTo.  27. 


FOURTH   METHOD. — BY   MOON   CULMINATIONS. 

229.  The  moon's  motion  in  right  ascension  is  so  rapid  that 
the  change  in  this  element  while  the  moon  is  passing  from 
one  meridian  to  another  may  be  used  to  determine  the  difference 
of  longitude.  Its  right  ascension  at  the  instant  of  its  meridian 
transit  is  most  accurately  found  by  means  of  the  interval  of 
sidereal  time  between  this  transit  and  that  of  a  neighboring  well- 
known  star.  For  this  purpose,  therefore,  the  Ephemerides  con- 
tain a  list  of  moon-culminating  stars j  which  are  selected  for  each 
day  so  that  at  least  four  of  them  are  given,  the  mean  of  whose 
declinations  is  nearly  the  same  as  that  of  the  moon  on  that  day, 
and,  generally,  so  that  two  precede  and  two  follow  the  moon. 
The  Ephemerides  also  contain  the  right  ascension  of  the  moon's 
bright  limb  for  each  culmination,  both  upper  and  lower,  and 
the  variation  of  this  right  ascension  in  one  hour  of  longitude, 
— i.e.  the  variation  during  the  interval  between  the  moon's 
transits  over  two  meridians  whose  difference  of  longitude  is  one 
hour.  This  variation  is  not  uniform,  and  its  value  is  given  for 
the  inptant  of  the  passage  over  the  meridian  of  the  Ephemeris. 
These  quantities  facilitate  the  reduction  of  corresponding  obser- 
vations, as  will  be  seen  below. 

230.  As  to  the  observation,  let 

!>,  d'  =  the  sidereal  times  of  the  culmination  of  the  moon's 
limb  and  the  star,  respectively,  corrected  for  all  the 
known  errors  of  the  transit  instrament,  and  for  clock 
rate, 

a,  a*  ss:  the  right  ascensions  of  the  moon's  limb  and  the  star 
at  the  instants  of  transit; 

then  we  evidently  have 

a  =  a'-f^  — *'  (406) 
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The  star  and  the  moon  being  nearly  in  the  same  parallel,  the 
instramental  errors  which  affect  i>  also  affect  &'  by  nearly  the 
same  quantity.  We  should  not,  however,  for  this  reason  omit 
to  apply  all  the  corrections  for  knoum  instrumental  errors,  since 
by  this  omission  we  should  introduce  an  error  in  the  longitude 
precisely  equal  to  the  uncorrected  error  of  the  instrument.  For 
if  the  instrumental  error  produces  the  error  z  in  the  time  of  the 
star's  transit,  the  effect  is  the  same  as  if  the  instrument  were 
perfecUy  mounted  in  a  meridian  whose  longitude  west  of  the 
place  of  observation  is  equal  to  z ;  but  the  sidereal  time  required 
by  the  moon  to  describe  this  interval  z  is  equal  to  z  +  the 
increase  of  the  moon's  right  ascension  in  this  interval.  Hence 
the  longitude  found,  by  the  methods  hereafter  given,  would  be 
in  error  by  the  quantity  ^. 

231.  If  the  lunar  tables  were  perfectly  accurate,  the  true 
longitude  given  by  the  observation  would  be  found  at  once  by 
comparing  the  observed  right  ascension  with  that  of  the  Ephe- 
meris.  There  are  two  methods  of  avoiding  or  eliminating  the 
errors  of  the  Ephemeris.  In  the  first,  which  has  heretofore  been 
exclusively  followed,  the  observation  is  compared  with  a  corre- 
sponding one  on  the  same  day  at  the  first  meridian,  or  at  some 
meridian  the  longitude  of  which  is  well  established.  In  this 
method  the  increase  of  the  right  ascension  in  passing  from  one 
meridian  to  the  other  is  directly  observed,  and  the  error  of  the 
Ephemeris  on  the  day  of  observation  is  consequently  avoided ; 
but  observations  at  the  unknown  meridian  are  frequently  ren- 
dered useless  by  a  failure  to  obtain  the  corresponding  observa' 
tion  at  the  first  meridian. 

In  the  second  method,  proposed  by  Professor  Pbircb,  the 
Ephemeris  is  first  corrected  by  means  of  all  the  observations 
taken  at  the  fixed  observatories  during  the  semi-lunation  within 
which  the  observation  for  longitude  falls.  The  corrected  Ephe- 
meris then  takes  the  place  of  the  corresponding  observation,  and 
is  even  better  than  the  single  corresponding  observation,  since 
it  has  been  corrected  by  means  of  aU  the  observations  at  the 
fixed  observatories  during  the  semi-lunation. 

I  shall  consider  first  the  method  of  reducing  corresponding 
observations. 
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232.  Corresponding  observations  at  places  whose  diffefence  of  longi- 
tude is  less  than  two  hours. — ^At  each  place  the  true  sidereal  times 
of  transit  of  the  moon-culminating  stars  and  of  the  moon's 
bright  limb  are  to  be  obtained  with  all  possible  precision :  from 
these,  according  to  the  formula  (406),  will  follow  the  right  as- 
cension of  the  moon's  limb  at  the  instants  of  transit  over  the 
two  meridians,  taking  in  each  case  the  mean  value  found  from 
all  the  stars  observed.    Put 

ij,  1/,  =  the  approximate  or  assumed  longitudes, 
>l  =  the  true  difference  of  longitude, 
aj,  a,  =  the  observed  right  ascensions  of  the  moon's  bright 
limb  at  L^  and  L^  respectively, 
M^  =  the  variation  of  the  E.  A.  of  the  moon's  limb  for 
1^  of  longitude  while  passing  from  I/^  to  X,; 

then  we  have 

'  =  '^'  (407) 

in  which,  a,  —  a^  and  H^  being  both  expressed  in  seconds,  X  will 
be  in  hours  and  decimal  parts. 

When  the  difference  of  longitude  is  less  than  two  hours,  it 
is  found  to  be  sufficiently  accurate  to  regard  Hq  as  constant, 
provided  we  employ  its  value  for  the  middle  longitude 
Xj^z=  ^  (L^  +  ia)j  found  by  interpolation  from  the  values  in  the 
Ephemeris,  having  regard  to  second  differences. 

Example. — The  following  observations  were  made,  May  15, 
1851,  at  Santiago,  Chili,  by  the  U.  8.  Astronomical  Expedition 
under  Lieut.  Gilliss,  and  at  Philadelphia,  by  Prof.  Kendall  : 


Object. 


^  Librae 
Moon  II  Limb 
B.  A.  C.  5579 


Santiago  aid.  time. 


15*46"'  3-.37 
16  21  36.84 
16  33    40.12 


Philad*a  aid.  time. 


15*  45«  22*.33 
16  21  39.11 
16  32    58.96 


We  shall  assume  the  longitudes  from  Greenwich  to  be, 

Philadelphia,  L^  =  5*   0«  39^.85 
Santiago,        i,  =  4  42    19. 

the  longitude  of  Philadelphia  being  that  which  results  from  the 
last  chronometric  expeditions  of  the  U.  S.  Coast  Survey,  and 
that  of  Santiago  the  value  which  Lieut.  Gilliss  at  first  assumed. 
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The  apparoDt  right  ascensions  of  the  stars  on  May  15,  by  the 
moon-culminating  list  in  the  Nantical  Almanac,  were 


^  Librae 

B.  A.  C,  6679 


15*  45-  22'.59 
16  32    59.20 


We  have  then  at  Philadelphia,  by  (406), 


^  Librae 

B.  A  0.  5579 


and  at  Santiago : 

*  Librae 
B.  A  0. 5579 


Hence 


^  — ^ 


a'+  ^  — ^ 


+  36-  16«.78  16*  21-  39*.87 

—  11    19.85  16  21    39.35 

Mean  a^  ==  16  21    39  .86 


+  35    33.47 
— 12     3  .28 

Mean  a, 


16  20    56.06 
16  20    55.92 


16  20    55.99 


a,  —  a,  ==  —  43'.37 

We  shall  find  H^  for  the  mean  longitude  L^  =  \  (A  +  L^ 
=  4*.86,  by  the  interpolation  formula  (72),  or 

H^  =  H+  Aa'^  Bb^ 


in  which,  if  we  put  n  = 
il=n  =  0.405 


4*86 
12 


» we  have 

2 


and  a'  and  6,  are  found  from  the  values  of  H  in  the  Ephemeris 
aa  follows : 

May  15,  L.  C.  MJJ-.Se  i*J.*^       jjrf  dif. 

«     15,  U.  C.  148  .48  ^  _  o«.28 

+  0.64    [-0.35] 


«     16,  L.  C. 
"     16,  U.  C. 


144.85+^-^ 


whence 

H  =  148*.48         a'=  0'.64  6»  =  J  (—  0'.28  —  0'.41)  = 

Ja;  ==  148».48  +  0*.259  +  0«.042  =  148'.781 

43.37 


CSS 


Xz=z 


148.781 


=  —  0».30l64  =  —  18"  5'.90 


Yoi.  L— 28 
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which  is  the  longitude  of  Santiago  from  Philadelphia.  Hence, 
if  the  longitude  of  Philadelphia  is  correct,  we  have 

Long,  of  Santiago  =  4*  42*  33*.95  from  Greenwich. 

233.  Corresponding  observations  at  places  whose  difference  of  hngU 
tude  is  greater  than  two  hours. — ^Having  found  aj  and  ot,  as  in  the 
preceding  case,  we  employ  in  this  case  an  indirect  method  of 
solution.  For  each  assumed  longitude  we  interpolate  the  right 
ascension  of  the  moon's  limb  from  the  Moon  Culminations  in 
the  Ephemeris  to  fourth  differences.     Let 

Aj,  A,  =  the  interpolated  right  ascensions  of  the  moon's 
limb  for  the  assumed  longitudes  L^^  and  L^  respect- 
ively, 

If  the  correction  of  the  Ephemeris  on  the  given  day  is  e, 
the  true  values  of  the  right  ascension  for  L^  and  i,  are  Ai  +  e 
and  -4j  +  e,  the  error  of  the  Ephemeris  being  supposed  to  be 
sensibly  constant  for  a  few  hours ;  but  their  difference  is 

so  that  the  computed  difference  of  right  ascension  is  the  same 
as  if  the  Ephemeris  were  correct.  If  now  the  observed  differ- 
ence Gt, "~  ^  ^s  ^^^  same  as  this  computed  difference,  the  as- 
sumed difference  of  longitude,  or  L^  —  i^,  is  correct;*  but,  if 
this  is  not  the  case,  put 

r=(a.-aO-(^-A)  (408) 

and 

Ai  =  the  correction  of  the  uncertain  longitude,  which  we 
will  suppose  to  be  L^ 

then  Y  is  the  change  of  the  right  ascension  while  the  moon  is 
describing  the  small  arc  of  longitude  Ai ;  and  for  this  small 
difference  we  may  apply  the  solution  of  the  preceding  article, 
so  that  we  have  at  once 

Ai  ==  -^  (in  hours)  (409) 

or 

QAAA 

aJD  =  r  X  —=r  (in  seconds)  (409*) 

*  It  should  be  obserred,  however,  that  one  of  the  assumed  longitudes  must  be 
nearly  correct,  for  it  is  evident  that  the  same  difference  of  right  ascension  will  not 
exactly  correspond  to  the  same  difference  of  longitude  if  we  increase  or  decrease 
both  longitudes  by  the  same  quantity. 
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In  which  the  value  of  H  must  be  that  which  belongs  to  the 
uncertain  meridian  i„  or,  more  strictly,  H  must  be  taken  for 
the  mean  longitude  between  L^  and  L^  +  lL;  but,  as  lL  is 
generally  very  small,  great  precision  in  -ff  is  here  superfluous. 
However,  if  in  any  case  ^L  is  large,  we  can  first  find  H  for  the 
meridian  L^  and  with  this  value  an  approximate  value  of  ^L; 
then,  interpolating -H"  for  the  meridian  i,  +  J  ^i,  a  more  correct 
value  of  A-L  will  be  found.* 

Example. — The  following  observafions  were  made  May  15, 
1851,  at  Santiago  and  Greenwich  : 

Objeot.  Santiago.  Oreenwioh. 

^Librae  15* 46-   8-.37  15M5-22-.87 

Moon  II  Limb  16  21    36.84  16     9    39.41 

B.A.C.  5579  16  33    40.12  16  32    59.17 

We  assume  here,  as  in  the  preceding  example,  for  Santiago 
i,  =  4*  42*  19*,  and  for  Greenwich  we  have  L^  =  0.  The  places 
of  the  stars  being  as  in  the  preceding  article,  we  find  for 

Greenwich,  o^  =  16*    9«  39*.54 

Santiago,     a,  =  16  20    65.99 

a,— a,=  11     16.45 

The  computed  right  ascension  for  Greenwich  is  in  this  case 
simply  that  given  in  the  Ephemeris  for  May  15 ;  the  increase  to 
the  meridian  4*  42*  19*.0  has  been  found  in  our  example  of  in- 
terpolation. Art  71,  to  be 

il,— ilj  =  ll*15*.84 
and  hence 

^  =  +  0*.61 

We  find,  moreover,  for  the  longitude  4*  42*  19% 

-ff=143'.77 
whence 

iii= -r  0.61  Xjg^  =  + 15-^8 

By  these  observations  we  have,  therefore. 

Longitude  of  Santiago  =  4*  42*  34'.28 

*  This  method  of  reducing  moon  culminations  was  dereloped  by  Walkbb,  TWmt- 
oetknt  of  the  American  PkUoeopMcai  Society  t  new  series,  Vol.  V. 
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234,  Beduciion  of  moon  (mbmnations  by  the  hourly  Ephemeris.^^ 
The  method  of  reduction  given  in  the  preceding  article  is  per- 
fectly exact ;  but  the  interpolation  of  the  moon's  place  to  fourth 
differences  is  laborious.  The  hourly  Ephemeris,  however,  requires 
the  use  of  second  differences  only.  The  sidereal  time  of  the 
transit  of  the  moon's  centre  at  the  meridian  L^  is  =  the  observed 
right  ascension  of  the  centre  =  Oi*    If  then  we  put 

T^  =  the  mean  Greenwich  time  corresponding  to  a,  as  found 

by  the  hourly  Ephemeris, 
e,  =  the  Greenwich  sidereal  time  corresponding  to  T^^ 

we  have  %t  once,  if  the  Ephemeris  is  correct, 

A  =  e, -»i  (410) 

This,  indeed,  was  one  of  the  earliest  methods  proposed,  but  was 
abandoned  on  account  of  the  imperfection  of  the  Ephemeris. 
The  substitution  of  corresponding  observations,  however,  does 
not  require  a  departure  from  this  simple  process ;  for  we  shall 
have  in  the  same  manner,  from  the  observations  made  at 
another  meridian  (which  may  be  the  meridian  of  the  Ephemeris), 

and  hence 

^  =  i,  -  i.  =(0,  -  e.)  ~(a,  -  a.)  (411) 

and  it  is  evident  that  the  difference  (©^  —  0^)  of  the  Greenwich 
times  will  be  correct,  although  the  absolute  right  ascension  of 
the  Ephemeris  is  in  error,  provided  the  hourly  motion  is  correct. 
The  correctness  of  the  hourly  motion  must  be  assumed  in  all 
methods  of  reducing  moon  culminations ;  and  in  the  present 
state  of  the  lunar  theory  there  can  be  no  error  in  it  which  can 
be  sensible  in  the  time  required  by  the  moon  to  pass  from  one 
meridian  to  another. 

In  this  method  a  is  the  right  ascension  of  the  moon's  centre 
at  the  instant  of  the  transit  of  the  centre ;  which  may  be  de*. 
duced  from  the  time  of  transit  of  the  limb  by  adding  or  sub- 
tracting the  "  sidereal  time  of  semidiameter  passing  the  meridian," 
given  in  the  table  of  moon  culminations  in  the  Ephemeris.* 

To  find  T^  corresponding  to  a^,  we  may  proceed  as  in  Art.  64, 

^  If  we  wish  to  be  altogether  independent  of  the  moon-culminating  table,  we  can 
compute  the  sidereal  time  of  semidiameter  passing  the  meridian  by  th«  lotmiila  (see 
Vol.  II.,  Transit  Instrument), 
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or  as  follows:  Let  T^  and  Tq+  1*  be  the  two  Greenwich  hours 
between  which  a^  falls,  and  put 

Aa  =  the  increase  of  right  ascension  in  1"  of  mean  time  at 

the  time  T^f 
da  =  the  increase  of  Aa  in  1*, 
a,  ==  the  right  ascension  of  the  Ephemeris  at  the  hour  T^ 

then,  by  the  method  of  interpolation  by  second  differences,  we 
have 

L  2       3600    J\      60       / 

in  which  the  interval  7\  —  T^  is  supposed  to  be  expressed  in 
seconds.    This  gives 

60(a,-ao) 

"^  2  '     3600 

and  in  the  second  member  an  approximate  value  of  7\  may  be 
used,  deduced  from  the  local  time  of  the  observation  and  an 
approximate  longitude.  A  still  more  convenient  form,  which 
dispenses  with  finding  an  approximate  value  of  7^,  is  obtained 
as  follows :    Put 

then  we  have 


8 


16(1  — X)  008  d 


in  whioh  8  :=  the  moon's  semidiameter,  X  =  the  inorease  of  the  moon's  right  ascen- 
sion in  one  sidereal  second,  and  6  =  the  moon's  declination,  which  are  to  be  taken 
Cor  the  Greenwich  time  of  the  observation,  approximately  known  from  the  local  time 
and  the  approximate  longitude. 
Or  we  may  apply  to  the  sidereal  time  (=  d|)  of  the  transit  of  the  limb  the  quantity 

8 


15  cos  d 


and  the  resulting  04  =  d^  d=  -ji^  5  sec  d  will  be  the  right  ascension  of  the  moon's 
centre  at  the  local  sidereal  time  i^,.  We  then  find  the  Greenwich  time  S^  corre- 
sponding to  Oj  as  in  the  text,  and  we  haye 


A=®i-^i 
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X  = 


_         60  (g.-,.) 


A.\-i 


_60(».-a.)/^  X       f.V 

Aa  \      "^7200    Aa/ 

or,  with  sufficient  accuracy, 

60(,,-..)/  X      A.\ 

Aa  \  7200    Aa/ 


Putting  then 

we  have,  very  nearly, 


«Q(->-->o)        :,''=_  ^.J?!L  (412) 

Aa  7200  A» 


x  =  a:'  +  a?"  (413) 


As  a  practical  rule  for  the  computer,  we  may  observe  that  ocf' 
will  be  a  positive  quantity  when  ^a  is  decreasing,  and  negative 
when  Aa  is  increasing.    . 

The  method  of  this  article  will  be  found  particularly  conve- 
nient when  the  observation  is  compared  directly  with  the 
Ephemeris,  the  latter  being  corrected  by  the  following  process. 
See  page  862. 

235.  Peirce's  yn^ihod  of  correcting  the  Ephemeris.* — The  accuracy 
of  the  longitude  found  by  a  moon  culmination  depends  upon 
that  of  the  observed  difference  of  right  ascension.  When  this 
difference  is  obtained  from  two  corresponding  observations,  if 
the  probable  errors  of  the  observed  right  ascensions  at  the  two 
meridians  are  e^  and  e^  the  probable  error  of  the  difference  will 
be  =  \/{e^  +  e,*).  [Appendix].  But  if  instead  of  an  actual  ob- 
servation at  i,  we  had  a  perfect  Ephemeris,  or  fi2=0,  the 
probable  error  of  the  observed  difference  would  be  reduced  to  e^; 
and  if  we  have  an  Ephemeris  the  probable  error  of  which  is  less 
than  that  of  an  observation,  the  error  of  the  observed  difference 
is  reduced.  At  the  same  time,  we  shall  gain  the  additional 
advantage  that  every  observation  taken  at  the  meridian  whose 
longitude  is  required  will  become  available,  even  when  no  corre- 
sponding observation  has  been  taken  on  the  same  day;   and 

*  Report  of  the  Saperintendent  of  the  U.  S.  Coast  Surrey  for  1854,  Appendix, 
p.  116* 
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experience  has  shown  that,  when  we  depend  on  corresponding 
observations  alone,  about  one-third  of  the  observations  are 
lost 

The  defects  of  the  lunar  theory,  according  to  Peircb,  are 
involved  in  several  terms  which  for  each  lunation  may  be 
principally  combined  into  two,  of  which  one  is  constant  and  the 
other  has  a  period  of  about  half  a  lunation,  and  he  finds  that 
for  all  practical  purposes  we  may  put  the  correction  of  the 
Ephemeris  for  each  semi-lunation  under  the  form 

X=A  +  Bt+  O"  (414) 

in  which  J.,  -B,  and  C  are  constants  to  be  determined  from  the 
observations  made  at  the  principal  observatories  during  the 
s^mi-lunation,  and  t  denotes  the  time  reckoned  from  any  assumed 
epoch,  which  it  will  be  convenient  to  take  near  the  mean  of  the 
observations.  The  value  of  t  is  expressed  in  days ;  and  small 
fractions  of  a  day  may  be  neglected.    Let 

ttj,  ttju  ttj,  &c.  =tbe  right  ascension  observed  at  any  observa- 
tory at  the  dates  t^,  t^y  t^  &c.,  from  the  assumed 
epoch, 

a/,a/,a,',&c.  =  the  right  ascension  at  the  same  instant  found 
from  the  Ephemeris, 

and  put 

»i  =  »i  —  o/,         n,  =  a,  —  a/,  ng  =  a,  —  a,',  &C. 

then  Wi,  Tijy  W3,  &c.  are  the  corrections  which  (according  to  the 
observations)  the  Ephemeris  requires  on  the  given  dates,  and 
hence  we  have  the  equations  of  condition 

A  +  Bt^+  C^j«  —  n^  =  0 

A  +  Bt,+  Ct^  —  n,  =  0 
&c. 

In  order  to  eliminate  constant  errors  peculiar  to  any  observa- 
tory, when  the  observation  is  not  made  at  Greenwich,  the  ob- 
served right  ascension  is  to  be  increased  by  the  average  excess 
for  the  year  (determined  by  simultaneous  observations)  of  the 
right  ascensions  of  the  moon's  limb  made  at  Greenwich  above 
those  made  at  the  actual  place  of  observation. 
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If  now  we  put 

m  =  the  number  of  observations  =  the  number  of  equations 

of  condition^ 
T  =c  the  algebraic  sum  of  the  values  oft, 
r,=  the  sum  of  the  squares  off, 
T,=  the  algebraic  sum  of  the  third  powers  off, 
r^=3  the  sum  of  the  fourth  powers  off, 
N  =  the  algebraic  sum  of  the  values  of  n, 
N^=^  the  algebraic  sum  of  the  products  of  n  multiplied  by  f, 
N^-^  the  algebraic  sum  of  the  products  of  n  multiplied  by  f, 


the  normal  equations,  according  to  the  method  of  least  squares, 
will  be 

mA^TB   +  r,C  — jRr  =  0 

TA^  T^B+  T^G—N,=  0  ^  (415) 

r,A+  T^B+  j;a— jv;=o 

The  solution  of  these  equations  by  the  method  of  successive 
substitution,  according  to  lite  forms  given  in  the  Appendix,  may 
be  expressed  as  follows : 


} 


m 

TT, 
m 

Tl 

m 


rptt rp t K.-'-z  ) 

*  ~    *         Ti 


TN 
m 

m 


rp/f 
-*-4 


A  = 


t: 


_  N—T,C  —  TB 


m 


(416) 


Then,  to  find  the  mean  error  of  the  corrected  Ephemeris,  we 
observe  that  this  error  is  simply  that  of  the  function  X,  which  is 
to  be  found  by  the  method  of  the  Appendix,  according  to  which 
we  first  find  the  coefficients  Ag,  A^,  i,  by  the  following  formula; 


mk^=\ 


mk,+  T,'k,+  T:'k,  =  ^ 
and  then,  putting 
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wehaye 


(t^)  =  M% 


(417) 


in  which  e  denotes  the  mean  error  of  a  single  observation  and 
{eX)  the  mean  error  of  the  corrected  Ephemeris ;  or,  if  e  denotes 
the  probable  error  of  an  observation,  (eX)  denotes  the  probable 
error  of  the  corrected  Ephemeris.  (Appendix.) 
If  the  values  of  k^  k^y  and  k^  are  substituted  in  My  we  shall  have 


'=V& 


31 


v^l^+^-f-J]    ^*") 


It  wiU  generally  happen,  where  a  sufficient  number  of  observa- 

tions  are  combined,  that  -~^  is  a  small  fraction  which  may  be 

neglected  without  sensibly  affecting  the  estimation  of  a  probable 
error,  and  we  may  then  take 


-=>/[i 


+ 


{t-iy  .  (t'- 


r; 


+ 


t:'  J 


(418*) 


According  to  Peirce,  the  probable  error  of  a  standard  observa- 
tion of  the  moon's  transit  is  0*.104  (found  from  the  discussion  of 
a  large  number  of  Greenwich,  Cambridge,  Edinburgh,  and  Wash- 
ington observations) ;  so  that  the  probable  error  of  the  corrected 
Ephemeris  will  be  equal  to  M.  (0*.104). 

Example. — ^At  the  Washington  Observatory,  the  following 
right  ascensions  of  the  moon  were  obtained  from  the  transits  over 
twenty-five  threads,  observed  with  the  electro-chronograph : 


Approx.  Oreen.  MeMi  Time. 

R.  A.  of 
]>  n  Limb. 

Sid.  time  lemid. 
pMiing  merid. 

B.  A.  of  })  centre 

1869,  Aug.  16,  19» 

0»    8-58*.40 

ez-.oe 

0»   7-51'.84 

«'     17,  20 

0  54   38.57 

68.54 

0  58   80.08 

"     18,  21 

1  42   48.58 

65.77 

1  41   42.76 

The  sidereal  time  of  the  semidiameter  passing  the  meridian  Is 
here  taken  from  the  British  Almanac,  as  we  propose  to  reduce  the 
observations  by  means  of  the  Greenwich  observations  which  are 
reduced  by  this  almanac.  We  thus  avoid  any  error  in  the  semi- 
diameter. 

During  the  semi-lunation  from  Aug.  18  to  Aug.   27,  the 
Greenwich  observations,  also  made  with  the  electro-chronograph, 
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gave  the  following  corrections  (=  n)  of  the  Nautical  Almanack 
right  ascensions  of  the  moon : 


Approx.  Greenwioh  Mean  Tima. 

tt 

( 

1859.  Aag 

14,  18» 

—  0'.89 

—  8. 

« 

15,  14 

—  0.26 

—  1.9 

M 

16,  14 

—  0.49 

—  0.9 

« 

18,  16 

—  0.68 

+  1.2 

« 

19,  17 

—  1.04 

+  2.2 

U 

20,  17 

—  1.08 

+  8.2 

Let  us  employ  these  observations  to  determine  by  Peirce'a 
method  the  most  probable  correction  of  the  Ephemeris  on  the 
dates  of  the  Washington  observations.  Adopting  as  the  epoch 
Aug.  17th  12*  or  IV.b^  the  values  of  i  are  approximately  as  above 
given.  The  correction  of  the  Ephemeris  being  sensibly  constant 
for  at  least  one  hour,  these  values  are  sufficiently  exact  We 
find  then 


2*=  0.8 

T,  =    29.94 

T,  =   10.556 

T,= 

225.045 

T;=    29.88 

T,'=     6.564 

t:= 

75.644 

T;'=  74.200 

m  =  6 

JV  =— 8'.89 

JV;  =  — 4'.41 

N,= 

—  21'.86 

J\r/=  — 3.89 

N,'= 

—  2.44 

jr,"=— 1'.58 

and  hence,  by  (416), 

C  = 

—  0'.02185 

B  =  —  0: 

1257 

A  = 

-  0'.525 

The  correction  of  the  Ephemeris  for  any  given  date  <,  reckoning 
from  Aug.  17.6,  is,  therefore, 

^=  —  0'.525  —  0*.1257t  —  0*.02185<« 

Consequently,  for  the  dates  of  the  Washington  observations, 
the  correction  and  the  probable  error  {Me)  of  the  correction, 
found  by  (418)  or  (418*),  are  as  follows: 


•.  16,  19» 

f  =  —  0.7 

X=  — 0'.45 

Jf.  =  0'.05 

17,  20 

t  =  +  O.S 

jr=  — 0.56 

Jf.  =  0.04 

18,  21 

<  =  +  1.4 

X=-0.74 

Jir<  =  0 .04 

The  longitude  of  the  Washington  Observatory  may  now  be 
found  by  the  hourly  Ephemeris  (after  applying  these  correc- 
tions), by  the  method  of  Art.  284.  Taking  the  observation  of 
Aug.  16,  we  have 


BY  MOON  CULMINATIONS. 


863 


Aug.  16,  T^  =  19*,  E.  A.  of  Ephemeris  =  0»  6-  47*.56 

jr=        —0.46 


Aa  =  l: 


da  =  +  0.0028    0^  =  0  6   47.11 

a,  =  0  7    51.34 

a^  — o^,=      1     4.23 


log(ai  — s)     1.80774 

«r.  CO.  log  Aa    9.74179 

log  60     1.77815 

log  of     8.32768 
of  ==  35*  26'.57 
x"  =  —     0 .80 
a:    =35  25.77 


log  a/*    6.6554 

log  da    7.8617 

ar.  CO.  log  Aa   9.7418 

log  ti'tjij    61427 
log  a/'  n9.9016 


Hence,  Greenwich  mean  time  =  2^  +  x  =  19*  35*  25*.77 

37    24.18 
3    13.09 


=    9 


Sidereal  time  mean  noon 

Correction  for  19*  35*  25'.77  

Greenwich  sidereal  time  =    5   16     3 .04 

Local  sidereal  time  =  a^  =    0     7    51 .34 

Longitude  =    5     8    11.70 

The  observations  of  the  17th  and  18th  being  reduced  in  tb'i 
same  manner,  the  three  results  are 


Aug.  16,    5*8*11'.70 
«    17,  12.50 

«    18,  11.10 


Mean  by  weights  =  5  8    11 .74 


Probable  error.* 

3'.5 

3.1 

2.9 


1.8 


Weight. 
1. 
1.3 
1.5 


236.  Combination  of  moon  culminations  by  weights, — ^When  some 
of  the  transits  either  of  the  moon  or  of  the  comparison  stars  are 
incomplete,  one  or  more  of  the  threads  being  lost,  such  observa 
tions  should  evidently  have  less  weight  than  complete  ones,  if 
we  wish  to  combine  them  strictly  according  to  the  theory  of 
probabilities.  Besides,  other  things  being  equal,  a  determina- 
tion of  the  longitude  will  have  more  or  less  weight  according  to 
the  greater  or  less  rapidity  of  the  moon's  motion  in  right  ascen- 
sion. 


*  For  the  oomputation  of  the  probable  error  and  weight,  see  the  following  article. 
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If  the  weight  of  a  transit  either  of  the  moon  or  a  star  were 
simply  proportional  to  the  number  of  observed  threads,  as  has 
been  assumed  by  those  who  have  heretofore  treated  of  this  sub- 
ject,* the  methods  which  they  have  given,  and  which  are  obvious 
applications  of  the  method  of  least  squares,  would  be  quite  suffi- 
cient. But  the  subject,  strictly  considered,  is  by  no  means  so 
simple. 

Let  us  first  consider  the  formula 

or,  rather 

in  which  &^  and  f?'  are  the  observed  sidereal  times  of  the  transit 
of  the  moon  and  star,  respectively;  a'  is  the  tabular  right  ascen- 
sion of  the  star,  and  a^  is  the  deduced  right  ascension  of  the 
moon.  The  probable  error  of  a^  is  composed  of  the  probable 
errors  of  t?i  and  of  a'  —  tf',  which  belong  respectively  to  the 
moon  and  the  star.  We  may  here  disregard  the  clock  errors,  as 
well  as  the  unknown  instrumental  errors,  since  they  aftect  i^j 
and  &'  in  the  same  manner,  very  nearly,  and  are  sensibly  elimi- 
nated in  the  difierence  ^^  —  t>'.  The  probable  error  of  the 
quantity  a'  —  t>'  is  composed  of  the  errors  of  a'  and  i?'.  The 
probable  error  of  the  tabular  right  ascension  of  the  moon-culmi- 
nating stars  is  not  only  very  small,  but  in  the  case  of  correspond- 
ing observations  is  wholly  eliminated ;  and  even  when  we  use 
a  corrected  Ephemeris  it  will  have  but  little  effect,  since  the  ob- 
served right  ascension  of  the  moon  at  the  principal  observatories 
always  depends  (or  at  least  should  depend)  chiefly  upon  these 
stars.  We  may,  therefore,  consider  the  error  of  a'  —  d'  as  sim- 
ply the  error  of  tf '.  We  have  here  to  deal  with  those  errors  only 
which  do  not  necessarily  affect  tf'  and  t>^  in  the  same  manner, 
and  of  these  the  chief  and  only  ones  that  need  be  considered 
here  are — Ist,  the  ctdmiriation  error  produced  by  the  peculiar  con- 
ditions of  the  atmosphere  at  the  time  of  the  star's  transit,  which 
are  constant,  or  nearly  so,  during  the  transit,  but  are  diflferent 
for  different  stars  and  on  diflTerent  days ;  and,  2d,  the  CLccidental 
error  of  observation.    It  is  only  the  latter  which  can  be  diminished 

*  NiooLAi,  in  the  At&onomiaehe  NaehfiehUn^  No.  26;  and  8.  C.  Wauub,  Transac- 
tions of  the  Amerioan  Philosophical  Society,  Vol.  VI.  p.  268. 
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by  increasing  the  number  of  threads.  In  Vol.  11.  (Transit  In- 
strument) I  shall  show  that  the  probable  error  of  a  single  deter- 
mination of  the  right  ascension  of  an  equatorial  star  (and  this 
may  embrace  the  moon-culminating  stars)  at  the  Greenwich 
Observatory  is  0*.06,  whereas,  if  the  culmination  error  did  not 
exist  it  would  be  only  0*.08,  the  probable  error  of  a  single 
thread  being  =  0*.08,  and  the  number  of  threads  =  7.  Hence, 
putting 

c  =  the  probable  culmination  error  for  a  star, 

we  deduce* 

c  =  l/(0.06)«— (0.03)«  =  0*.052 
If,  then,  we  put 

t  =  the  probable  accidental  error  of  the  transit  of  a  star  over 

a  single  thread, 
n  =  the  number  of  threads  on  which  the  star  is  observed, 

the  probable  error  oft?',  and,  consequently,  also  of  a'—  ^,  is 


=v«-+^ 


and  the  weight  of  a'—  d'  for  each  star  may  be  found  by  the 
formula 

'   n 

in  which  E  is  the  probable  error  of  an  observation  of  the  weight 
unity,  which  is,  of  course,  arbitrary.  If  we  make  |?  =  1  when 
n  =  7,  we  have  E  =  0*.06.  Substituting  this  value,  and  also 
c  ==  ©•.062,  e  =  0*.08,  the  formula  may  be  reduced  to  the  fol- 
lowing : 


100  + 


238 
n 


The  value  of  a^  is  to  be  deduced  by  adding  to  t^j  the  mean 

*  The  value  of  e  tliuB  found  inTolTee  other  errors  besides  the  culmination  error 
proper,  such  as  unknown  irregularities  of  the  clock  and  transit  instruinent,  &c. 
These  cannot  readily  be  separated  from  0,  Qor  is  it  necessary  for  our  present  purpose. 
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according  to  weights  of  all  the  values  of  a^—  tfj  given  by  the 
several  stars,  or 

..=  ,.+  [£0^  (420) 

where  the  rectangular  brackets  are  employed  to  express  the  sum 

of  all  the  quantities  of  the  same  form.     The  probable  error  of 

the  last  term  will  be 

^    _  0'.06 

If  now  we  put 

Cj  =  the  probable  error  of  ai, 
c^  =  the  culmination  error  for  the  moon, 
Arc  =  the  probable  accidental  error  of  the  transit  of  the 
moon's  limb  over  a  single  thread, 
n^  =  the  number  of  threads  on  which  the  moon  is  observed, 


the  probable  error  of  ^^  will  be  =  ^Cj*  +  (    )',  and  hence 

To  determine  c^  I  shall  employ  the  values  of  the  other  quantities 
in  this  equation  which  have  been  found  from  the  Greenwich 
observations.  Professor  Peircb  gives  e^  =  0*.104,  and  in  the 
cases  which  I  examined  I  found  the  mean  value  k  =  1.8.  As- 
suming [p]  =  4  as  the  average  number  of  stars  upon  which  04 
depends  in  the  Greenwich  series,  we  have 

(0.i04).=  v+(5:^-+(m' 

whence 

c,=  0'.091 

and  the  formula  for  the  probable  error  of  a^  observed  at  the 
meridian  L^  is 

,.^(0.09.).+  (^-+M.'  (42!) 

In  the  case  of  corresponding  observations  at  a  second  meridian 
2/„  the  probable  error  e,  is  also  to  be  found  by  this  formula,  and 
then  the  probable  error  of  the  deduced  difference  of  right  ascen- 
sion will  be 
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and  the  probable  error  of  the  deduced  longitude  will  be 


=  AV^e,«+e,«  (423) 

where,  JT  being  the  increase  of  the  moon's  right  ascension  in  P 
of  longitude,  we  have 

X       8600  „„,^ 

A  =  -gr  (424) 

But  if  the  observation  at  the  meridian  Ly^  is  compared  with  a 
corrected  Ephemeris  (Art.  285)  the  probable  error  of  which  is 
Jl!f  (0*,104),  the  probable  error  of  the  deduced  longitude  will  be 


=  h  |/«j*  +  M*  (0.104)»  (425) 

Finally,  all  the  diflferent  values  of  the  longitude  will  be  com- 
bined by  giving  them  weights  reciprocally  proportional  to  the 
squares  of  their  probable  errors. 

The  preponderating  influence  of  the  constant  error  represented 

by  the  first  term  of  (422)  is  such  that  a  very  precise  evaluation 

of  the  other  terms  is  quite  unimportant.     It  is  also  evident  that 

we  shall  add  very  little  to  the  accuracy  of  an  observation  by 

increasing  the  number  of  threads  of  the  reticule  beyond  five  or 

seven.  For  example,  suppose,  as  in  the  Washington  observations 

used  in  Art.  285,  that  twenty-five  threads  are  taken,  and  that 

four  stars  are  compared  with  the  moon ;  we  have  for  each  star, 

by  (419), 

134 


and  hence 


p  = -—  =  1.22 

'oo  +  f 


.=V[c«-)-+^"+tiF]=-" 


whereas  for  seven  threads  we  have  ej  =f  0*.104,  and  therefore 
the  increase  of  the  number  of  threads  has  not  diminished  the 
probable  error  by  so  much  as  0*.01. 

For  the  observations  of  1859  August  16,  17,  18,  Art.  285,  the 
values  of  h  are  respectively 

32.1        80.8        and        28.8 

and,  taking  Mt  =  Jf  (0*.104)  as  given  in  that  article,  namely, 

0'.05        0*.04        and        0\04 
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with  the  value  of  e^  =  0*.097  above  found,  we  deduce  the  proba- 
ble errors  of  the  three  values  of  the  longitude,  by  (425), 

8'.5        8M        and        2'.9 

The  reciprocals  of  the  squares  of  these  errors  are  very  nearly  in 
the  proportion  of  the  numbers  1,  1.8,  1.6,  which  were  used  as 
the  weights  in  combining  the  three  values. 

287.  The  advantage  of  employing  a  corrected  Ephemeris 
instead  of  corresponding  observations  can  now  be  determined 
by  the  above  equations.  If  the  observations  are  all  standard 
observations  (represented  by  Wi=  7  and  [jo]  =  4),  we  shall  have 
«i=  «,=  0*.104,  and  the  probable  error  of  the  longitude  will  be 

by  corresponding  observations  =  lu^  i/2 

by  the  corrected  Ephemeris      =  ht^  j/1  -f- J£* 

The  latter  will,  therefore,  be  preferable  when  -Sf  <  1,  which  will 
always  be  the  case  except  when  very  few  observations  have  been 
taken  at  the  principal  observatories. 

But  experience  has  shown  that  when  we  depend  wholly  on 
corresponding  observations  we  lose  about  one-third  of  the 
observations,  and,  consequently,  tlie  probable  error  of  the  final 
longitude  from  a  series  of  observations  is  greater  than  it  would 
be  were  all  available  in  the  ratio  of  |/3  :  ]/2.  Hence  the  proba- 
ble errors  of  the  final  results  obtained  by  corresponding  observa- 
tions exclusively,  and  by  employing  the  corrected  Ephemeris  by 
which  all  the  observations  are  rendered  available,  are  in  the 
ratio  ]/3 :  |/1  +  J/*,  and,  the  average  value  of  M  being  about 
0.6,  this  is  as  1 :  0.67. 

If,  however,  on  the  date  of  any  given  observation  at  the  meri- 
dian to  be  determined,  we  can  find  corresponding  observations 
at  two  principal  observatories,  the  probable  error  of  the  longitude 
found  by  comparing  their  mean  with  the  given  observation  will 
be  only  he^  i/1.5,  which  is  so  little  greater  than  the  average  error 
in  the  use  of  the  corrected  Ephemeris,  that  it  will  hardly  be 
worth  while  to  incur  the  labor  attending  the  latter.  If  ihere 
should  be  three  corresponding  observations,  the  error  will  be 
reduced  to  Ae^i/LSS,  and,  therefore,  less  than  the  average  error 
of  the  corrected  Ephemeris. 
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The  advantage  of  the  new  method  will,  therefore,  be  felt 
chiefly  in  cases  where  either  no  corresponding  observation,  or 
but  one,  has  been  taken  at  any  of  the  principal  observatories. 

238.  The  mean  value  of  h  is  about  =  27,  and  therefore  a 
probable  error  of  0*.l  in  the  observed  right  ascension,  supposing 
the  Ephemeris  perfect,  will  produce  a  mean  probable  error  of  2'.7 
in  the  longitude.  K  the  probable  error  diminished  without 
limit  in  proportion  to  the  square  root  of  the  number  of  observa- 
tions, as  is  assumed  in  the  theory  of  least  squares,  we  should 
only  have  to  accumulate  observations  to  obtain  a  result  of  any 
given  degree  of  accuracy.  But  all  experience  proves  the  fallacy 
of  this  law  when  it  is  extended  to  minute  errors  which  must 
wholly  escape  the  most  delicate  observation.  The  remarks  of 
Professor  Pbircb  on  this  point,  in  the  report  above  cited,  are  of 
the  highest  importance.  He  says :  "  If  the  law  of  error  embodied 
in  the  method  of  least  squares  were  the  sole  law  to  which 
human  error  is  subject,  it  would  happen  that  by  a  sufllcient 
accumulation  of  observations  any  imagined  degree  of  accuracy 
would  be  attainable  in  the  determination  of  a  constant ;  and  the 
evanescent  influence  of  minute  increments  of  error  would  have 
the  eflfect  of  exalting  man's  power  of  exact  observation  to  an 
unlimited  extent.  I  believe  that  the  careful  examination  of 
observations  reveals  another  law  of  error,  which  is  involved  in 
the  popular  statement  that  *  man  cannot  measure  what  he  cannot 
see.'  The  small  errors  which  are  beyond  the  limits  of  human 
perception  are  not  distributed  according  to  the  mode  recognized 
by  the  method  of  least  squares,  but  either  with  the  uniformity 
which  is  the  ordinary  characteristic  of  matters  of  chance,  or  morel 
frequently  in  some  arbitrary  form  dependent  upon  individual 
peculiarities,— such,  for  instance,  as  an  habitual  inclination  to  the 
use  of  certain  numbers.  On  this  account,  it  is  in  vain  to  attempt 
the  comparison  of  the  distribution  of  errors  with  the  law  of  least 
squares  to  too  great  a  degree  of  minuteness ;  and  on  this  account, 
there  is  in  every  species  of  observation  an  ultimate  limit  of  accuracy 
beyond  which  no  mass  of  accumulated  observations  can  ever  penetrate. 
A  wise  observer,  when  he  perceives  that  he  is  approaching  this 
limit,  will  apply  his  powers  to  improving  the  methods,  rather 
than  to  increasing  the  number  of  observations.  This  principle 
will  thus  serve  to  stimulate,  and  not  to  paralyze,  effort;  and  its 
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vi^fying  influence  will  prevent  science  from  stagnating  into 
mere  mechanical  dnidgeiy. 

"  In  approaching  the  ultimate  limit  of  accuracy,  the  probable 
error  ceases  to  diminish  proportionably  to  the  increase  of  the 
number  of  observations,  so  that  the  accuracy  of  the  mean  of 
several  determinations  does  not  surpass  that  of  the  single  deter- 
minations as  much  as  it  should  do  in  conformity  with  the  law  of 
least  squares:  thus  it  appears  that  the  probable  error  of  the 
mean  of  the  determinations  of  the  longitude  of  the  Harvard 
Observatory,  deduced  from  the  moon-culminating  observations 
of  1845,  1846,  and  1847,  is  1'.28  instead  of  being  I'.OO,  to  which 
it  should  have  been  reduced  conformably  to  the  accuracy  of  the 
separate  determinations  of  those  years, 

"  One  of  the  fundamental  principles  of  the  doctrine  of  proba- 
bilities is,  that  the  probability  of  an  hypothesis  is  proportionate 
to  its  agreement  with  observation.  But  any  supposed  computed 
lunar  epoch  may  be  changed  by  several  hundredths  of  a  second 
without  perceptibly  affectmg  the  comparison  with  observation, 
provided  the  comparison  is  restricted  within  its  legitimate  limits 
of  tenths  of  a  second.  Observation,  therefore,  gives  no  informa- 
tion which  is  opposed  to  such  a  change." 

The  ultimate  limit  of  accuracy  in  the  determination  of  a 
longitude  by  moon  culminations,  according  to  the  same  distin- 
guished authority,  is  not  less  than  one  second  of  time.  This  limit 
can  probably  be  reached  by  the  observations  of  two  or  three 
years,  if  all  the  possible  ones  are  taken ;  and  a  longer  continuance 
of  them  would  be  a  waste  of  time  and  labor. 

From  these  considerations  it  follows  that  the  method  of  moon 
culminations,  when  the  transits  of  the  limb  are  employed,  cannot 
come  into  competition  with  the  methods  by  chronometers  and 
occultations  where  the  latter  are  practicable.* 

*  In  oonsequence  of  the  uncertainty  attending  the  obsenration  of  the  transit  of 
the  moon's  limb,  it  has  been  proposed  by  Maedleb  {Astran,  ^ach.  No.  887)  to  sub- 
stitute  the  transit  of  a  weU-defined  lunar  spot.  The  only  attempt  to  carry  out  thlv 
suggestion,  I  think,  is  that  of  the  U.  8.  Coast  Surrey,  a  report  upon  which  by  Bfr. 
PiTSES  will  be  found  in  the  Report  of  the  Superintendent  for  1856,  p.  198.  The 
Tarying  character  of  a  spot  as  seen  in  telescopes  of  different  powers  presenta,  it 
seems  to  me,  a  very  formidable  obstacle  to  the  successful  application  of  this 
tnethod. 
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nPTH   METHOD. — BY  AZIMUTHS   OF  THE  MOON,  OR   TRANSITS   OF   THE 
MOON  AND  A   STAR   OVER   THE   SAME  VERTICAL   CIRCLE. 

239.  The  travelling  observer,  pressed  for  time,  will  not  unfre- 
quently  find  it  expedient  to  mount  his  transit  instrument  in  the 
vertical  circle  of  a  circumpolar  star,  without  waiting  for  the  meri- 
dian passage  of  such  a  star.  The  methods  of  determining  the 
local  time  and  the  instrumental  constants  in  this  case  are  given 
in  Vol.  n.  He  may  then  also  observe  the  transit  of  the  moon 
and  a  neighboring  star,  and  hence  deduce  the  right  ascension  of 
the  moon,  which  may  be  used  for  determining  his  longitude 
precisely  as  the  culminations  are  used  in  Art.  284. 

240.  But  if  the  local  time  is  previously  determined,  we  may 
dispense  with  all  observations  except  those  of  the  moon  and  the 
neighboring  star,  and  then  we  can  repeat  the  observation  several 
times  on  the  same  night  by  setting  the  instrument  successively 
in  different  azimuths  on  each  side  of  the  meridian.  It  will  not 
be  advisable  to  extend  the  observations  to  azimuths  of  more  than 
15®  on  either  side. 

The  altitude  and  azimuth  instrument  is  peculiarly  adapted  for 
such  observations,  as  its  horizontal  circle  enables  us  to  set  it  at 
any  assumed  azimuth  when  the  direction  of  the  meridian  is 
approximately  known.  The  zenith  telescope  will  also  answer 
the  same  purpose.  But  as  the  horizontal  circle  reading  is  not 
required  further  than  for  setting  the  instrument,  it  is  not  indis- 
pensable,  and  therefore  the  ordinary  portable  transit  instrument 
may  be  employed,  though  it  will  not  be  so  easy  to  identify  the 
comparison  star. 

The  comparison  star  should  be  one  of  the  welWetermined 
moon-culminating  stars,  as  nearly  as  possible  in  the  same 
parallel  with  the  moon,  and  not  far  distant  in  right  ascension, 
either  preceding  or  following. 

The  chronometer  correction  and  rate  must  be  determined,  with 
all  possible  precision,  by  observations  either  before  or  aft«r  the 
moon  observations,  or  both.  An  approximate  value  of  the  cor- 
'  rection  should  be  known  before  commencing  the  observations, 
as  it  will  be  expedient  to  compute  the  hour  angles  and  zenith 
distances  of  the  two  objects  for  the  several  azimuths  at  which  it 
is  proposed  to  observe,  in  order  to  point  the  instrument  properly 
and  thus  avoid  observing  the  wrong  star. 
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To  secure  the  greatest  degree  of  accuracy,  the  observations 
fehould  be  conducted  substantially  as  follows : — 

1st.  The  instrument  being  supposed  to  have  a  horizontal  circle, 
let  the  telescope  be  directed  to  some  terrestrial  object,  the 
azimuth  of  which  is  known  (or  to  a  circumpolar  star  in  the  meri- 
dian), and  read  the  circle.  The  reading  for  an  object  in  the 
meridian  will  then  be  known ;  denote  it  by  a. 

2d.  The  first  assumed  azimuth  at  which  the  transits  are  to  be 
observed  being  Ay  set  the  horizontal  circle  to  the  reading  A  +  a^ 
and  the  vertical  circle  to  the  computed  zenith  distance  of  the 
moon  or  the  star  (whichever  precedes).  This  must  be  done  a 
few  minutes  before  the  computed  time  of  the  first  transit 

3d.  Observe  the  inclination  of  the  horizontal  axis  with  the 
spirit  level. 

4th.  Observe  the  transit  of  the  first  object  over  the  several 
threads. 

5th.  If  there  is  time,  observe  the  inclination  of  the  horizontal 
axis. 

6th.  Set  the  vertical  circle  for  the  zenith  distance  of  the  second 
object,  and  observe  its  transit. 

7th.  Observe  the  inclination  of  the  horizontal  axis  with  the 
spirit  level. 

The  instrument  must  not  be  disturbed  in  azimuth  during  these 
operations,  which  constitute  one  complete  observation. 

Now  set  upon  a  new  azimuth,  sufliciently  greater  to  bring  the 
instrument  in  advance  of  the  preceding  object,  and  repeat  the 
observation.  It  will  often  be  possible  to  obtain  in  this  way  four 
or  six  observations,  two  or  three  on  each  side  of  the  meridian, 
but  the  value  of  the  result  will  not  be  much  increased  by  taking 
more  than  one  observation  on  each  side  of  the  meridian. 

The  coUimation  constant  is  supposed  to  be  known;  but,  in 
order  to  eliminate  any  error  in  it,  as  well  as  inequality  of  pivots, 
one-half  the  observations  should  be  taken  in  each  position  of 
the  rotation  axis. 

The  azimuth  of  the  instrument  at  each  observation  is  only 
known  from  the  local  time,  and  hence  the  following  indirect 
method  of  computation  will  be  found  more  convenient  than  the 
usual  method  of  reducing  extra-meridian  transits;  but  the 
reader  will  find  it  easy  to  adapt  the  methods  given  in  Vol.  EL  for 
such  purpose  to  the  present  case. 
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We  shall  make  use  of  the  following  notation  : 

r,  T'=  the  mean  of  the  chronometer  times  of  transit  of 
the  moon's  limb  and  the  star^  respectively^  over 
the  several  threads,'*' 
ATyikT'=  the  corresponding  chronometer  corrections, 

bf  V  =  the  inclinations  of  the  horizontal  axis  at  the  times 
TandT', 
c  =  the  coUimation    constant  for  the  mean  of  the 
threads, 
a,  a/  =  the  moon's  and  the  star's  right  ascensions. 


»,d'  = 

U 

U 

ti 

declinations. 

t,f  = 

€1 

U 

11 

hour  angles, 

C,C'  = 

il 

a 

It 

true  zenith  distances. 

?,«'  = 

U 

u 

It 

parallactic  angles. 

A,A'  = 

it 

it 

it 

azimuths, 

Aa  =  the  increase  of  the  moon's  right  ascension  in  one 

minute  of  mean  time, 
Ad  =  the  increase  (positive  towards  the  north)  of  the 
moon's  declination  in  one  minute  of  mean  time, 

IT  =  the  moon's  equatorial  horizontal  parallax, 

S  =  the  moon's  geocentric  semidiameter, 

^  =  the  observer's  latitude, 

L'=  the  assumed  longitude, 
iiL=  the  required  correction  of  this  longitude, 

L  =  the  true  longitude  =  J7  +  aL. 

The  moon's  a,  5,  ;r,  and  S  are  to  be  taken  from  the  Ephemeris 
for  the  Greenwich  time  T+  aT+  ^'(expressed  in  mean  time). 
The  changes  Aa,  ^d  are  also  to  be  reduced  to  this  time.  The 
right  ascension  and  declination  must  be  accurately  interpolated, 
from  the  hourly  Ephemeris,  with  second  diflferences. 

The  quantities  -4,  f,  q  are  now  to  be  computed  for  the  chro- 
nometer time  Tj  and  -4',  f ',  g'  for  the  time  T\    Since  A  and  A^ 

*  The  chronometer  time  of  passage  over  the  mean  of  the  threads  will  be  obtained 
rigorously  by  reducing  each  thread  separately  to  the  mean  of  all  by  the  general 
tbrmnla  given  for  the  purpose  in  VoL  II.  If,  however,  the  same  threads  are 
employed  for  both  moon  and  star,  and  c  denotes  the  equatorial  distance  of  the  mean 
of  the  actually  observed  threads  from  the  coUimation  axis,  it  will  suffice  (unless  the 
observations  are  extended  greatly  beyond  the  limits  recommended  in  the  text)  to 
take  the  means  of  the  observed  times  at  the  times  of  passage  over  the  fictitious 
thread  the  coUimation  of  which  is  =  c.  The  slight  theoretical  error  which  this 
procedure  involves  wiU  be  eliminated  if  the  observations  are  arranged  symmetricaUy 
with  respect  to  the  meridian. 
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are  required  with  all  poseible  precision,  logarithms  of  at  least  six 
decimal  places  are  to  be  employed  in  their  computation ;  but  for 
C>  ?>  C'>  ?'>  ^^^r  decimal  places  will  suffice.  The  following  formula 
for  this  purpose  result  from  a  combination  of  (16)  and  (20) : 

For  the  moon.  For  the  star. 

tan  M=  tan  ^  sec  ^     'i       .  ,     .       ( tan  M'=z  tan  ^'  sec  f 

tan  f  cos  M' 


r=tan^sec^     ^  ( 

tan  il  =  -7— — -  J    decimals:   J  tan  A'  = 

sm  (f  —  M)  )  \ 


sin  (f  —  M') 


(426) 


tan  iV  =  cot  9?  cos  <     \  /  tan  JV^=  cot  ^  cos  t 

tan  t  sm  N    )         ,   ^  \  ^        .        tan  if  sin  i\r 

^^i  = r^   .    :>Tx  (  ^th  four  )  tan  j'  = 

008  (^  +  JV^)  )  decimals  •  ''^^  ^^  +  ^^ 

,      ^      cot  (^  +  ^  \  decimals,  1  cot(^^+iy^) 

tan  C  = ^^ — ' I  I  tan  C  =  — ^ — 4 — • 

cos  J         /  \  cos  ^ 

in  which  A  and  q  are  to  be  so  taken  that  sin  A  and  sin  q  shall 
have  the  same  sign  as  sin  U 

The  true  azimuth  of  the  moon's  limb  will  be  found  by  applying 
to  the  azimuth  of  the  centre  the  correction 

8    Tapper  sign  for  1st  limb"! 
■"  sin^C  Llowor    «     "   2d     ^^  J 

If  we  assume  the  parallax  of  the  limb  to  be  the  same  as  that  of 
the  centre  (which  involves  but  an  insensible  error  in  this  case), 
we  next  find  the  apparent  azimuth  of  the  limb  by  applying  the 
correction  given  by  (116),  or 

/»7r(^  —  f>')  sin  1"  sin  A'  oosec  C 

in  which  f  —  ^ '  is  the  reduction  of  the  latitude,  and  p  is  the 
terrestrial  radius  for  the  latitude  ip.  In  this  expression  we 
employ  J.',  which  is  the  computed  azimuth  of  the  star,  for  the 
apparent  azimuth  of  the  moon's  limb,  since  by  the  nature  of  the 
observation  they  are  very  nearly  equal. 

To  correct  strictly  for  the  collimation  and  level  of  the  instru- 
ment, we  must  have  the  moon's  and  star's  apparent  zenith  dis- 
tances, which  will  be  found  with  more  than  sufficient  accuracy 
for  the  purpose  by  the  formulae 

moon's  app.  sen.  dist.  =  Ci  =  C  +  ir  sin  C  —  refiraction 
star's       "      "       "     =C/=C'  — refraction 
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and  then  the  reduction  of  the  true  azimuth  to  the  instrumental 
azimuth  (see  Vol.  II.,  AUitude  and  Azimuth  Instrument)  is 

c     _ 


for  the  moon,    q: q= 

sin  Ci       tan  Ci 

-      ,  €  V 

for  the  star,       :;: •  q= r 

sinCi       tanCi 


the  upper  or  lower  sign  being  used  according  as  the  vertical 
circle  is  on  the  left  or  the  right  of  the  observer.  The  computed 
instrumental  azimuths  are,  therefore, 

(moon)ili  =il  ±1-: h^—-^ — ~ ^ 


sm  C  sm  C  sin  Ci      tan  Ci  , 

K  now  the  longitude  and  other  elements  of  the  computation  are 
correct,  we  shall  find  A^  and  J./  to  be  equal :  otherwise,  put 

x  =  Ai'^A^'  (428) 

then  we  are  to  find  how  the  required  correction  aZ/  depends  on  a:, 
supposing  here  that  all  the  elements  which  do  not  involve  the 
longitude  are  correct  Now,  we  have  taken  a  and  d  from  the 
Ephemeris  for  the  Greenwich  sidereal  time  T+  aTH-  i',  when 
they  should  be  taken  for  the  time  T+  ^T+  L^+  Ai.  Hence, 
if  i  and  fi  denote  the  increments  of  the  moon's  right  ascension 
and  declination  in  one  sidereal  second,  both  expressed  in  seconds 
of  arc, 

X  =  i^  =  [9.89675]  Aa 
60.164       ^  ■* 


we  find  that 


''  =  60^  =  t'-''^'^^' 


•  requires  the  correction     X .  ^L 

d         "  «  /9.Ai 


(429) 


iuid  these  corrections  must  produce  the  correction — a;  in  the  moon's 
azimuth.  The  relations  between  the  corrections  of  the  azimuth^ 
the  hour  angle,  and  the  declination,  where  these  are  so  small  as 
to  be  treated  as  differentials,  is,  by  (51), 
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, ,  COS  d  COS  q  ,^   .   Bin  a  ,. 

a  A  =       i  at  4 dZ 

sin  C  sin  C 


cos  d  COS  flr ,     _  .  Bin  flf  ^      _ 
Bin  C  Bin  C 


that  is, 

—  a;  = 

Hence,  if  we  put 

^^^C08*C0Bg_^Bing  (430) 

Bin  C  sin  C 

we  have 

Ai  =  ~  (481) 

and  hence,  finally,  the  true  longitude  i'+  Ai. 

241.  In  order  to  determine  the  relative  advantages  of  this 
method  and  that  of  meridian  transits,  let  us  investigate  a  formula 
which  shall  exhibit  the  eflfect  of  every  source  of  error.    Let 

^a,  ^d,  ^;r,  dS  =  the  corrections  of  the  elements  taken  from 
the  Ephemeris  of  the  moon, 
^a',  dd'  =  the  corrections  of  the  star's  place, 
dT,  dT'  =  the  corrections  for  error  in  the  obs'd  time, 
d^T=  the  correction  of  a T, 
df  =  the  correction  of  ^. 

If,  when  the  corrected  values  of  all  the  elements — ^that  of  the 
longitude  included— are  substituted  in  the  above  computation, 
A^  and  J./  become  A^  +  dA^  and  J./  +  dA^'y  we  ought  to  find, 
rigorously, 

A^  +  dA^  =  A^  +  dA^ 

which  compared  with  (428)  gives 

x  =  —  iAi  +  dA^  (432) 

We  have,  therefore,  to  find  e3q)res8ion8  for  dA^  and  rfil/  in 
terms  of  the  above  corrections  and  of  clL,  We  have,  first,  by 
difterentiating  (427), 

sinC  Bin? 

dA^:^dA' 

We  neglect  errors  in  c  and  6  which  are  practically  eliminated 
by  comparing  the  moon  with  a  star  of  nearly  the  same  declina* 
tion,  and  combining  observations  in  the  reverse  positions  of  the 
axis. 
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The  total  differential  of  A  is,  by  (51),  after  reducing  dL  to  arc, 

dA  = i.l5(ft  -I ^dd^  cotZsm Ad0 

sin  C  sin  C 

consequently,  also, 

,.,       cos^'cosg^   --.^    ,    sinj'  _.,  ^  ^,   .     .,, 

dA'  = : — --^ .  15(if  H — ^—^  {^'  —  cot  C  Bin  A'dip 

sin  C  sin  C 

Since  i  =  T+  AT—a^we  have 

(i^  =  (ir+  d£iT-—da 

where  rfTand  rfATmay  be  at  once  exchanged  for  dT'and  duT; 
but  da  is  composed  of  two  parts :  Ist,  the  correction  of  the 
Ephemeris,  and  2d,  ^(Ai  +  dT  +  d^T)^  which  results  from  our 
having  taken  a  for  the  uncorrected  time.  Hence  we  have,  in 
arc, 

lbdt  =  15dT+  15  diiT—  15^a  — ;i(Ai  +  dT  +  diiT) 

The  correction  dd  is  likewise  composed  of  two  parts,  namely, 

dd=:zdd  +  /9(Ai  +  dT+  duT) 

Further,  we  have  simply  dd'  =  dd'  and 

df  =  dT+dd.T'-da' 

but,  as  we  may  neglect  the  error  in  the  rate  of  the  chronometer 
for  the  brief  interval  between  the  observation  of  the  moon  and 
the  star,  we  can  take  8^T'  =  8^Ty  and,  consequently. 

When  the  substitutions  here  indicated  are  made  in  (482),  we 
obtain  the  expression 

x  =  aAL  +  15f.^a—^^.dd  —(lbf  —  d)dT 
sine  ^     J         J 

-  15/'.da'+  ^^^^,dd'+  \bf.  dT 

BID  C 

dS       pOp  —  /)  sin  1"  Bin  A' , 

rp ^ Sn 

Bin  C  sin  C 

-  [i5(/-/')-  «]  ^^r+  ""y'Sc^"^^  '^       ^^'> 
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ia  which  the  following  abbreviations  are  used : 

f  :__  COS  ^  COB  g  -, COS  ^'  COS  j' 

■''~      sine  sinC' 

,.       ^sing 
sinC 

and  in  the  coefficient  of  iip  we  have  put  A  =  A\ 

By  the  aid  of  this  equation  we  can  now  trace  the  effect  of 
each  source  of  error. 

1st  The  coefficients  of  ^5,  55',  5;r,  i(p  have  different  signs  for 
observations  on  different  sides  of  the  meridian,  and  therefore 
the  errors  of  declination,  parallax,  and  latitude  will  be  elimi- 
nated by  taking  the  mean  of  a  pair  of  observations  equidistant 
from  the  meridian. 

2d.  The  star's  declination  being  nearly  equal  to  that  of  the 
moon,  we  shall  have  very  nearly /=/',  and  the  coefficient  of 
5a Twill  be  =  a;  and  since  to  find  aX  we  have  yet  to  divide 
the  equation  by  a,  it  follows  that  an  error  in  the  assumed  clock 
correction  produces  an  equal  error  (but  with  a  difterent  sign)  in. 
the  longitude,  as  in  the  case  of  meridian  observations. 

8d.  An  error  57  in  the  observed  tiqie  of  the  moon's  transit 
produces  in  the  longitude  the  error 


(¥-) 


^T 


The  mean  of  the  values  of  a  for  two  observations  equidistant 
from  the  meridian  is  If.  The  mean  effect  of  the  error  57"  is 
therefore 


(?-) 


bT 


which  is  the  same  as  in  the  case  of  a  meridian  observation. 

The  effect  of  an  error  iT'  in  the  observed  time  of  the  star's 
transit  is 

a 

and  for  two  observations  equidistant  from  the  meridian,  the  star 
being  in  the  same  parallel  as  the  moon,  the  mean  effect  is 

X 
also  the  same  as  for  a  meridian  observation.r 
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4th.  An  error  dS  in  the  tabular  semidiameter  is  always  elimi- 
nated in  the  case  of  meridian  observations  when  they  are  com- 
pared with  observations  at  another  meridian,  since  the  same 
semidiameter  is  employed  in  reducing  the  observations  at  both 
meridians.  But  in  the  case  of  an  extra-meridian  observation  the 
effect  upon  the  longitude  is 

dS  S8 


a sinC       ^  cos  d  coBq  —  ^  sin  g 

and  in  the  mean  of  two  observations  equidistant  from  the 
meridian,  the  values  of  q  being  small,  it  is 

= (1+2  Bin^iq)  nearly. 


A  cos d  cos 9      XooBd 
For  a  meridian  observation  the  error  will  be 

Acos^ 

The  error  in  the  case  of  extra-meridian  observations,  therefore, 
remains  somewhat  greater  than  in  the  case  of  meridian  ones,  the 
excess  being  nearly 

2d8.sin*iq 
>lcos  d 

which,  however,  is  practically  insignificant ;  for  we  have  not  to 
fear  that  dS  can  be  as  great  as  1",  and  therefore,  taking  q  =  15®, 
d  =  80°,  and  X  =  0.4,  which  are  extreme  values,  the  difference 
cannot  amount  to  0*.!  in  the  longitude. 

5th.  The  error  3a  of  the  tabular  right  ascension  of  the  moon 
produces  in  the  longitude  the  error 

a 

and  from  the  mean  of  two  observations  equidistant  from  the 
meridian,  the  error  is 

15a> 
X 

as  in  the  case  of  the  meridian  observation. 
The  error  to'  in  the  star's  right  ascension  produces  the  error 

— -^  when  the  star  is  in  the  same  parallel  as  the  moon. 


8S0  LONGITUDB. 

From  this  difiCUBsion  it  follows  that,  by  arranging  the  observa- 
tions symmetricaUy  with  respect  to  the  meridian,  the  mean  result 
will  be  liable  to  no  sensible  errors  which  do  not  equally  affect 
meridian  observations.  But  for  the  large  culmination  error  in 
the  case  of  the  moon  (Art.  286),  which  equally  affects  extra- 
meridian  observations,  the  latter  would  have  a  great  advantage 
by  diminishing  the  effect  of  accidental  errors.  But  the  probable 
error  of  the  mean  of  two  observations  equidistant  from  the 
meridian,  seven  threads  being  employed,  will  be,  by  (422), 

and  that  of  a  single  meridian  observation,  even  where  cfrdy  cm  star 
is  compared  with  the  mocn^  is,  by  the  same  formula,  =  O*.!!.  When 
we  take  into  account  the  extreme  simplicity  of  the  computation, 
the  method  of  moon  culminations  must  evidently  be  preferred ; 
and  that  of  extra-meridian  observations  will  be  resorted  to  only 
in  the  case  already  referred  to  (Art  239),  where  the  traveller 
may  wish  to  determine  his  position  in  the  shortest  possible  time 
and  without  waiting  to  adjust  his  instrument  accurately  in  the 
meridian. 

Example. — ^At  the  U.  S.  Naval  Academy,  1857  May  9, 1  ob- 
served the  following  transits  of  the  moon's  second  limb  and  of 
c  Scorpiiy  at  an  approximate  azimuth  of  10°  East,  with  an  Ebtej;. 
universal  instrument  of  16  inches  focal  length : 

Chronometer.  Level.         GoUim. 

J>  II  Limb.  T  =  16*  11~  SO-.l?  6  =  +  2".2  c  =  0.0 1  Vertical  circle 
c  Scorpti     r'=16  27  49.83    y  =  + 2  .2  J     left. 

These  times  are  the  means  of  three  threads.  The  chronometer 
correction,  found  by  transits  of  stars  in  the  meridian,  was 
—  SS**  O-.ie  at  18*  sidereal  time,  and  its  hourly  rate  —  0'.82.  The 
assumed  latitude  and  longitude  were 

f  =  38°  58'  53".6  i'  =  5*  5~  65- 

The  star's  place  was 

a'  =  16*  12~  31-.90  a'  =  —  25<^  14'  58".5 
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We  first  find  the  sidereal  times  of  the  observations  of  the 
moon  and  star  respectively,  and  the  Greenwich  mean  time  of 
the  observation  of  the  moon :  we  have 


r+A!r=16*16~20'.28 

L'=    5     5    55, 

Gr.  sidereal  time  ==  20  22    15.28 

Sid.  time  Gr.  moon  =38    58.91 

Sidereal  interval  =  17   13    16  .37 

Bed.  to  mean  time  =  —     2    49  .28 

Gr.  mean  time  =  May  9, 17*  10*  27'.09 

Hence  from  the  Ephemeris  we  find 


A  2"=—  55~   9'.97 
T'  +  iir'=15»32~8P-.86 


a  = 

15»  64-  45'.S2 

Sz=z  — 

-  24"  42'  54''.4 

Aa  = 

2M135 

A*=- 

-  7".619 

8  = 

14'  47".2 

w  = 

54'    9".2 

(426)  we  find 

A  = 

—  9»  4^  51".0 

A'  =  - 

-    9°57'14".8 

log  sin  q  = 

n9.1581 

log 

sin  ((•  = 

n9.1719 

C  = 

640  ly.s 

C'  = 

W  54'.1 

jr  sin  C  = 

+    48.8 

Be&action  = 

—      2.1 

Befraction  = 

—    2.1 

f.= 

65     6.2 

c/=» 

64   52.0 

For  the  latitude  ^  we  find,  from  Table  EI., 

log  p  ==  9.9994  f—f'=lV  15" 

and  then,  by  (427),  we  find 

-9<'40'51".0 
16  24  .4 


A  =■ 
8 


sin  C 

fwt  (j»  —  ^)  sin  1"  sin  J.' 

sin  C 

c     

8inCi~ 

b     _ 

tanCi~ 


2.0 

0  .0 

1  .0 


il,=  — 9    57  18  .4 


A' =  —  9°  57'  14".8 


sin:,' 

b' 
tanC,' 


0.0 
1  .0 


Aj'  =  —  9    67  15  .8 
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whence 

a:  =  —  2".6 

By  (429),  (480),  and  (481),  we  find 

log  X  =  9.72175  log  fi  =  n9.10266  a  =  0.5054 

0.5054 

If  we  wish  to  see  the  effect  of  all  the  sources  of  error  in  this 
example,  we  find,  by  (438), 

0.6064  aL  =  -^  2".6  —  14.96  rJa  —  0.16  6S  +  14.46  6T  —  14.82  dr  —  0.36  A^T 
4-  14.82  6a'  +  0.16  66'  +    1.11  6S  —  0.001  6ir   -f-  0.002  6^ 

The  proper  combination  of  observations  is  supposed  to  eliminate, 
or  at  least  reduce  to  a  minimum,  all  the  errors  except  that  of  the 
moon's  right  ascension  as  given  in  the  Ephemeris.  In  practice, 
therefore,  it  will  be  necessary  to  retain  the  term  involving  8a. 
Thus,  in  the  present  case  we  take  only 

0.5054  Ai  =  —  2".Q  —  14.96  ^a 

A  second  observation  on  the  same  day  at  an  azimuth  lO'' 

west  gave 

0.5458  ^L=  —  6".7  —  14.9?  ^a 

The  elimination  of  the  errors  of  declination  requires  that  we 

take  the  arithmetical  mean  of  these  equations;  whence  we  have, 

finally, 

Ai  =  —  7'.89  —  28.43  9a 

SIXTH   METHOD. — BY  ALTITUDES   OF  THE   MOON. 

242.  The  hour  angle  (t)  of  the  moon  may  be  computed  from 
an  observed  altitude,  the  latitude  and  declination  being  known, 
and  hence  with  the  local  sidereal  time  of  the  observation  (=  0) 
the  moon's  right  ascension  by  the  equation  a  =  ©  —  ^  with 
which  the  Greenwich  time  can  be  found,  as  in  Art.  284,  and, 
consequently,  also  the  longitude. 

The  hour  angle  is  most  accurately  found  from  an  altitude 
when  the  observed  body  is  on  the  prime  vertical,  and  more 
accurately  in  low  latitudes  than  in  high  ones  (Art.  149).  This 
method,  therefore,  is  especially  suited  to  low  latitudes. 

The  method  may  be  considered  under  two  forms :— (A)  that  in 
which  the  moon'a  absolute  altitude  is  directly  observed  and 
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employed  in  the  computatioi)  of  the  hour  angle ;  and  (B)  that  in 
which  the  moon's  altitude  is  compared  differentially  with  that  of 
a  neighboring  star^ — i.e.  when  the  moon  and  a  star  are  observed 
either  at  the  same  altitude,  or  at  altitudes  which  differ  only  by  a 
quantity  which  can  be  measured  with  a  micrometer. 

248.  (A.)  Btf  the  moon's  absolute  altitude. — This  method  being 
practised  only  with  portable  instruments,  it  would  be  quite 
superfluous  to  employ  the  rigorous  processes  of  correcting  for 
the  parallax,  which  require  the  azimuth  of  the  moon  to  be  given. 
The  process  of  Art.  97  will,  therefore,  be  employed  in  this  case 
with  advantage,  by  which  the  observed  zenith  distance  is  reduced 
not  to  the  centre  of  the  earth,  but  to  the  point  of  the  earth's 
axis  which  lies  in  the  vertical  line  of  the  observer,  and  which 
we  briefly  designate  as  the  point  0.    Let 

C"  =  the  observed  zenith  distance,  or  complement  of  the 

observed  altitude,  of  the  moon's  limb, 
0  =  tbe  local  sidereal  time, 
L'  =  the  assumed  longitude, 
t^L  =  the  required  correction  of  X', 
i  =  the  true  longitude  =  i'  +  ^I/. 

Find  the  Greenwich  sidereal  time  0  +  i',  and  convert  it  into 
mean  time,  for  which  take  from  the  Ephemeris  the  quantities 

d  =  tbe  moon's  declination, 

r  =  "  eq.  hor.  parallax, 

8  =         "  semidiameter. 

Let  8^  be  the  apparent  semidiameter  obtained  by  adding  to  3 
the  augmentation  computed  by  (251)  or  taken  from  Table  XII. 
Let  r  be  the  refraction  for  the  apparent  zenith  distance  f ;  and 
put 

C'=C"+rzh:S'  (484) 

Let  7c^  be  the  corrected  parallax  for  the  point  0,  found  by  (127), 
or  by  adding  to  tc  the  correction  of  Table  XITL  (which  in  the 
present  application  will  never  be  in  error  O'M) ;  and  put 

C,  =  C'~^,8inC'  j    (435) 

in  which  log  c«=  7.8244. 
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The  hour  angle  (which  is  the  same  for  the  point  0  as  for  thQ 
centre  of  the  earth)  is  then  found  by  (267),  Le. 

8ini.  =  J(^'°*[^'+(^-'>')3^'^*[^'-»-*»)J\  (436) 

\  \  COS^  COS^j  / 

after  which  the  moon's  right  ascension  is  found  by  the  formula 

a  =  e  —  f  (437) 

and  hence  the  Greenwich  time  and  the  longitude  as  above  stated. 
But  since  we  have  taken  d  for  an  approximate  Greenwich  time 
depending  on  the  assumed  longitude,  the  first  computation  of  I 
will  not  be  quite  correct ;  a  second  one  with  a  corrected  value 
of  d  will  give  a  nearer  approximation ;  and  thus  by  successive 
approximations  the  true  value  of  t  and  of  the  longitude  will  at 
last  be  found. 

But  instead  of  these  successive  approximations  we  may  obtain 
at  once  the  correction  of  the  assumed  longitude,  as  follows.  "We 
have  taken  d  for  the  Greenwich  time  0  +  i',  when  we  should 
have  taken  it  for  the  time  ©  +  i'  +  ^L.    Hence,  putting 

/9  =  the  increase  of  ^  in  a  unit  of  time, 

it  follows  that  d  requires  the  correction  ^aX;  and  therefore,  by 
(51),  the  correction  of  the  computed  hour  angle  will  be 

cosd  tan^ 

in  which  q  is  the  parallactic  angle.  Since  a  =  0  —  <,  the  com* 
puted  right  ascension  requires  the  correction  (in  seconds  of  time) 


15  cos ^  tang 
Therefore,  if  we  put 

X  =  the  increase  of  a  in  a  unit  of  time, 

the  computed  Greenwich  time  and,  consequently,  also  the  lon^- 
tude  derived  from  it  requires  the  correction 


15>lcoBdtanjf 
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88$ 


Hence,  denoting  the  longitude  computed  from  the  right  asceiv 
Bion  a  =  0  —  <  by  U'^  we  have 


True  longitude  =  i'  +  Ai  =  i"  — 


i9Ai 


15>lco8dtan9 


whence 


Ai 


L"^L' 


1  +  ■—-—  860  d  cot  J 

15  X 


If  we  denote  the  denominator  of  this  expression  hjl  +  a,  we 
shall  have,  by  (18), 

I  ^        tan  d  ^ 


and  then 


/?    /tan  9?  tan^  \ 

15  A  \  sin  ^         tan  t  } 


Ai  = 


\  +  a 


L  =  L'+^L 


(438) 


(489) 


Example. — ^At  the  TJ.  S.  Naval  Academy,  in  latitude  f  =  88** 
68'  68"  and  assumed  longitude  i'=  5*  6*  0*,  I  observed  the 
double  altitude  of  the  moon's  upper  limb  with  a  sextant  and 
artificial  horizon  as  below : 

1849  May  2. — Moon  east  of  the  meridian. 


LodJi 


10»  14«  21«.« 

4  41      OX) 

e-»       5  83    31^ 

=    tec. 

Approz.  Or.  ttme  »     10  89    21.6 

(For  whieh  time  we  take  v,  S,  and 
a  frtm  the  Nautical  Almanao  ) 

a  -+  80  47'47".« 

eSvtiiB^eota  —  -K  14  1 

a,-+  8  48    1  J 


Meanof«obt.2'p        »     M^  4(K  0^ 
Index  oorr.  of  textant'    —   14  67 


a0<".46 
€80 

«6o  : 


2)64  26    8 

App-alt."^.-     32  12  81  .6 

r-     *7  47  28  .6 

r  «     +  1  80  .0 


1} 

:.)-   +8a;        ^'-^    +  16  24JJ 


Att 
Ext 

A5(Tat.  Xn.  

('»>  68     4  23  .0 

Air  (Tab.  Xin.)»  +    4  .4  Vv.dn  ^' »  47  88  J 

iTi  »  66    7  .6)  


C.» 


67   16  46  .8 


With  these  values  of  *i,  Ci>  and  <p  =  38°  68'  63",  we  find,  by  (436), 
<=  — 8»19~53'.64 

The  sidereal  time  at  Greenwich  mean  noon,  1849  May  2,  was 
2*41*7*.98;  whence 

e=  8»ie-i4*.6i 

a  =  11  86      8.25 
Vol.  L— 2* 
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Corresponding  to  this  right  ascension  we  find  by  the  houriy 
Ephemeris  the  Greenwich  mean  time,  and  hence  the  longitude 
i",  as  follows: 

Greenwich  mean  time  =  10*  39*  48*.7 
Local  «       «     =    5  33    21.6 

L"=    6     6    27.1 
L"-^L'  ==        +    27M 

By  the  hourly  Ephemeris  we  also  have  for  the  Greenwich  time 

10*  89«  48\7, 

Increase  of  o  in  1*  =  -;i  =  +  2v014 
«  a  in  1~  =  i9  =  +  10".01 

and  hence,  by  (438)  and  (439), 

a  =  —  0.3317  aX  =  +  40'.6 

i  =  i'+ Ai==5*6-»40'.6 

244.  The  result  thus  obtained  involves  the  errors  of  the 
tabular  right  ascension  and  declination  and  the  instrumental 
error.  The  tabular  errors  are  removed  by  means  of  observations 
of  the  same  data  made  at  some  of  the  principal  observatories,  as 
in  the  case  of  moon  culminations.  The  instrumental  error  will 
be  nearly  eliminated  by  determining  the  local  time  from  a  star 
at  the  same  altitude  and  as  nearly  as  possible  the  same  declina- 
tion; for  the  instrumental  error  will  then  produce  the  same 
error  in  both  0  and  ^,  and,  therefore,  will  be  eliminated  from 
their  diflference  0  —  <  =  a.  The  error  in  the  longitude  will 
then  be  no  greater  than  the  error  in  0.  But  to  give  complete 
effect  to  this  mode  of  eliminating  the  error,  an  instrument,  such 
as  the  zenith  telescope,  should  be  employed,  which  is  capo^ble  of 
indicating  the  same  altitude  with  great  certainty  and  does  not 
involve  the  errors  of  graduation  of  divided  circles.  A  very 
different  method  of  observation  and  computation  must  then  be 
resorted  to,  which  I  proceed  to  consider. 

245.  (B.)  By  equal  altitudes  of  the  moon  and  a  star^  observed  wiih 
the  zenith  telescope. — The  reticule  of  this  instrument  should  for 
these  observations  be  provided  with  a  system  of  fixed  horizontal 
threads :  nevertheless,  we  may  dispense  with  them,  and  employ 
only  the  single  movable  micrometer  thread,  by  setting  it  suc- 
cessively at  convenient  intervals. 
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Having  selected  a  well  determined  star  as  nearly  as  possible 
in  the  moon's  path  and  differing  but  little  in  right  ascension,  a 
preliminary  computation  of  the  approximate  time  when  each 
body  will  arrive  at  some  assumed  altitude  (not  less  than  10®) 
must  be  made,  as  well  as  of  their  approximate  azimuths,  in 
order  to  point  the  instrument  properly.  The  instrument  being 
pointed  for  the  first  object,  the  level  is  clamped  so  that  the 
bubble  plays  near  the  middle  of  the  tube,  and  is  then  not  to  be 
moved  between  the  observation  of  the  moon  and  the  star.  After 
the  object  enters  the  field,  and  before  it  reaches  the  first  thread, 
it  may  be  necessary  to  move  the  instrument  in  azimuth  in  order 
that  the  transits  over  the  horizontal  threads  may  all  be  observed 
without  moving  the  instrument  daring  these  transits.  The  times 
by  chronometer  of  the  several  transits  are  then  noted,  ajid  the 
level  is  read  off.  The  instrument  is  then  set  upon  the  azimuth 
of  the  second  object,  the  observation  of  which  is  made  in  the 
same  manner,  and  then  the  level  is  again  read  off.  This  com- 
pletes one  observation.  The  instrument  may  then  be  set  for 
another  assumed  altitude,  and  a  second  observation  may  be  taken 
in  the  same  manner.*  Each  observation  is  then  to  be  separately 
reduced  as  follows :    Let 

t,  i\  t",  &c.  =  the  distances  in  arc  of  the  several  threads 
from  their  mean, 
vij  ni  =  the  mean  of  the  values  of  i  for  the  observed 
threads,  in  the  case  of  the  moon   and   star 
respectively, 
l,V=  the  level  readings,  in  arc,  for  the  moon  and 
star, 
0,  ©'=  the  mean  of  the  sidereal  times  of  the  observed 
transits  of  the  moon  and  star; 

then  the  excess  of  the  observed  zenith  distance  of  the  moon's 
limb  at  the  time  0  above  that  of  the  star  at  the  time  0'  isf 

wi  —  m'  +  Z  —  r 

the  quantities  m  and  I  being  supposed  to  increase  with  increaang 
zenith  distance. 

*  The  same  method  of  obserTation  may  be  foUowed  with  the  ordinary  universal 
instrumenty  but,  as  the  level  is  generally  much  smaller  than  that  of  the  zenith  tele- 
scope, the  same  degree  of  accuracy  will  not  be  possible. 

f  When  the  mhsrometer  is  set  successively  upon  assumed  readings,  m  and  mf  will 
be  the  means  of  these  readings,  converted  into  arc,  with  the  known  value  of  the  screw. 
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AIao,  let 

a,  d,  t,  C,  A,q  =  the  R  A.,  decL,  hour  angle,  geocentric 
zenith  distance,  azimuth,  and  parallactic 
angle  of  the  moon's  centre  at  the  time 

e; 

»'»  *'j  f)  C,  A.%  q[  =  the  same  for  the  star  at  the  time  S',- 

n^  8  =^  the  moon's  equatorial  hor.  parallax  and 
semidiameter; 
X  =  the  increase  of  a  in  1«  of  sid.  time; 
/9  =  "  ^        «<        «       « 

^  =  the  latitude ; 
L'  =  the  assumed  longitude; 
a2/  =  the  required  correction  of  i'/ 

The  quantities  a,  8,  ;r,  and  S  are  to  be  taken  from  the  Ephemeris 
for  the  Greenwich  sidereal  time  0  +  i '  (converted  into  mean 
time) ;  a  and  8  being  interpolated  with  second  diiFerences  by  the 
hourly  Ephemeris.  Then  the  required  correction  of  the  longi- 
tude will  be  found  by  comparing  the  computed  value  of  {^  with 
the  observed  value.  For  this  purpose  we  first  compute  f  and  ^ 
with  the  greatest  precision,  and  also.  A  and  q  approximately.  If 
the  differential  formula  of  the  next  article  is  also  to  be  computed, 
A'  and  q'  will  also  be  required.  The  most  convenient  formulae 
will  be— 

For  the  moon.  For  the  star. 

^=0  —  a  f=  e'— a' 

tan  JK'=  tan  ^  sec  f  ^       .,,     ,       { tan  Jf' =  tan  d'secf 


cos 


if  =  tan  J  sec  f  ^       .  ,     ,       f  tan  if '=  tan  ^'  sec  f 

»inM  J  K  sm  M' 


cos  A  =tan  (f>  — -2f )  cet  C 

tan i\?'=«eftf>  cost 

tanjftsfini^ 

tatid  = ; — 

^     ^jos  (^  4-  iV^ 


(440) 
cos  A' = tan  (f> — -M"')  cot  C ' 
with  four  )  taniV'=cot  f  cosf 
decimals ;  j    ^^^   , ^  UinfBinN' 
'  ^      cos(^'  +  i\r) 


The  zenitTt  distance  f  thus  computed  will  not  strictly  correspond 
to  the  time  O  unless  the  assumed  longitude  is  correct.  Let  its 
true  value  be  f  +  rfj.    Also  put 

Cj  =  the  observed  zenith  distance  of  the  moon's  limb, 
C/  =  the  observed  zenith  distance  of  the  star, 
r^r'  =  the  refraction  for  C,  and  C', 
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then 

C,  ==  C/  +  m  —  m'  +  i  —  I' 
Putting  then 

C"=Ci  +  r  =  C'  +m  — m'+i  — r  +  (r  — O 

and,  by  Art  (136), 

}    (441) 
y  ==  (^  —  ^')  cos -4  sinp=:p&initsm(Z" — y)' 

kz=:pz^  jSq:  i(i>T  /S)  sin  J)  sin  S 

the  <  ,  P*^    >  sign  being  used  for  the  moon's  -|  J^PP®^  I  limb,  we 

have 

r-(C  +  (i:)  =  A: 

This  equation  determines  rff.  We  have,  therefore,  only  to 
determine  the  relation  between  d^  and  ^L.  Now,  we  have  taken 
a  and  d  for  the  Greenwich  sidereal  time  Q  +  L\  when  we  should 
have  taken  them  for  the  time  ©  +  i'  +  aZ':  hence 

a  reqaires  the  correction       l^L 

t      "  «        —  ;iAi 

and  then,  by  (51), 

dZ  =  —  cos  g .  fi^L  —  sin  g  cos  ^ .  IbX^L 

Hence,  putting  z  =  —  d^^,  or 


ar  =  C  -  C"  +  * 
and  a  =  l^XHmq  cos  9  -^  p coBq 

X 

we  have  Ai  =  —  Jj  =  L'  +  lL 


(442) 


The  solution  of  the  problem,  upon  the  supposition  that  all  the 
data  are  correct,  is  completely  expressed  by  the  equations  (440), 
(441),  and  (442). 

246.  The  quantity  a:  is  in  fact  produced  not  only  by  the  error 
in  the  assumed  longitude,  but  also  by  the  errors  of  observation 
and  of  the  Ephemeris.    In  order  to  obtain  a  general  expression 
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in  whichL  the  effect  of  every  source  of  error  may  be  representedi 
let 

T,  r'=  the  chronometer  times  of  observation  of  the 
moon  and  star, 
Ar=  the  assumed  chronometer  correction, 
dTy  dT=  the  corrections  of  T  and  T  for  errors  of 
observation, 
^A  r  =  the  correction  of  A  T, 
^a^  dd^  9i:,  dS  =  the  corrections  of  the  elements  taken  from 
the  Ephemerisy 
df  =  the  correction  of  the  assumed  latitude. 

If,  when  the  corrected  values  of  all  the  elements  are  substituted, 
{;,  f ',  k  become  f  +  rff ,  f '  +  rff ',  k  +  dk,  instead  of  the  equation 
C''  —  (C  +  dC)  =  *  we  shall  have 

and  hence 

x  =  ^d:  +  d:'^dk  (448) 

and  we  have  now  to  find  expressions  for  rf^^,  df ',  and  dk  in  terms 
of  the  above  corrections  of  the  elements. 

Taking  all  the  quantities  as  variables,  we  have 

dZ  =  16  sin  q  cos  S  dt  —  cos  q  dd  -^  cos  A  df 
dC'=  16  sin  g[  cos  d*  dH—  cos  q'  dd'  -f  cos  A'  dip 

Since  t  =  T -\-  aT—  a,  we  have 

dt  =  dT  '\-dis.T'-dfu 

where  rfTand  rfATmay  be  exchanged  for  ^Tand  ^aT,  but  da  is 
composed  of  two  parts:  Ist,  of  the  actual  correction  of  the 
Ephemeris;  and  2d,  of  X{^L  +  dT  +  d^T)  resulting  from  our 
having  taken  a  for  the  uncorrected  time :  hence  we  have 

(ft  =  a  r  +  ^  A  T  —  ^o  —  ;i  ( A  i  +  ^  T  +  ^  A  T) 

The  correction  dd  is  also  composed  of  two  parts,  so  that 

Further,  we  have  simply  dd'  =  dd'y  and 

df=dT'+d£iT--da' 

in  which  ^A^at  the  time  T'  is  assumed  to  be  the  same  as  at  the 
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time  Tj  an  error  in  the  rate  of  chronometer  being  insensible  in 
the  brief  interval  between  the  observations  of  the  moon  and  the 
star. 
Again,  we  have,  from  (441), 

cos  pdp  =  p  cos  n  sin  (C"  —  y)  dw  -^  p  sin  tt  COS  (C"  —  y)  dZ" 
dk  =  dp  ^:  dS 

or,  with  sufficient  accuracy, 

dk  =  sin  C'  d?:  ^  SS  -{'  sin  n  cos  C'  dZ' 

Now,  substituting  in  df  and  d^'  the  values  of  rf/,  cW,  &c.,  and  then 
substituting  the  values  of  d!^  and  d^'  thus  found,  in  (443),  together 
with  the  value  of  dky  we  obtain  the  final  equation  desired,  which 
may  be  written  as  follows  :* 

—  m/'.  <Ja'  —  m  cos  ^r'  dd'  +  mf .  dT 

—  (cos  A — m  cos  A')  dip 

where  the  following  abbreviations  are  employed : 

/  =  15  sin  q  cos  d  /'  =  15  sin  q'  cos  d' 

a  =  Xf  -\-  fi  coBq  m  =  1  —  sin  ir  cos  C' 

Having  computed  the  equation  in  this  form,  every  term  is  to 
be  divided  by  a,  and  then  aZ/  will  be  obtained  in  tenns  of  x  and 
all  the  corrections  of  the  elements. 

A  discussion  of  this  equation,  quite  similar  to  that  of  (433), 
will  readily  show  that  the  observations  will  give  the  best  result 
when  taken  near  the  prime  vertical  and  in  low  latitudes,  and, 
farther,  that  the  combination  of  observations  equidistant  from 
the  meridian,  east  and  west,  eliminates  almost  wholly  errors  of 
declination  and  parallax  and  of  the  chronometer  correction. 

Example. t — At  Batavia,  on  the  11th  of  October,  1853,  Mr. 
Db  Lange,  among  other  observations  of  the  same  kind,  noted 
the  following  times  by  a  sidereal  chronometer,  when  the  moon's 

*  The  formula  (444)  is  essentially  the  same  as  that  gvren  by  Oudemans,  A»tronom. 
Journal,  Vol.  IV.  p.  164.  The  method  itself  is  the  suggestion  of  Professor  Kaisbr 
of  the  Netherlands. 

f  Astronomical  Journal,  Vol.  IV.  p.  165. 
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lower  limb  and  86  Oaprieomi  passed  the  same  fixed  horizontal 

threads: 

r  =  0*  38-  8'.62  T  =  0*  49-  53'.77 

The  difference  of  the  zenith  distances  indicated  by  the  level 

was 

1--V  =  +  2".0 

The  chronometer  correction  was  ^7"=  +  1*  8'.82,  an^  the  rate 
in  the  interval  T'  —  T  was  insensible. 

The  assumed  latitude    was  ^  =  -^  6**  Q'  57".0 
"  longitude    "   i'  =  —  7*  7-  37'.0 

We  have 

e  =  0*  39-  11'.94  e'  =  0*  50-  57'.09 

For  the  Greenwich  sid.  time  0  +  i'  =  17*  31"*  84'.94,or  mean 
time  4*  10*  57'.00,  we  find,  from  the  Nautical  Almanac, 

a  =       21*  12-  6'.46  ^  =  +  0'.0387 

a  =  —  20°  55'  8".9  fi  =  +  0'M440 

7t  =z=       57'  5r.4  a'=       21*  20-  22«.45 

S  =       15'  47".8  ^'=  —  22°  26'  30".5 

The  computation  by  (440)  gives 

C  ==  52°  11'  49".44  C'=  53°  13'  57".80 

A  =  68°  14'.4  A'=  66°  30'.6 

^  =  81°18'.9  g'=80°85'.2 

From  Table  m.  we  find 

^  —  f'=  —  2'  27"  log  p  =  9.999983 

Since  the  same  fixed  threads  were  used  for  both  moon  and  star, 
we  have  m  =  w',  and  hence  also  sensibly  r  =  r';  therefore,  by 
(441),  we  find 

C"  =  53°  13'  59".30  r  =  —  54".5  p  =  46'  21".25 

C  — C"=—    62'    9".86  *  =  +  62'9".17 

Uence,  by  (442), 

x  =  —  0".69  a  =  +  0.5575  Ai  =  —  1'.24 

The  longitude  by  this  observation,  if  the  Ephemeris  is  correct, 

is  therefore 

i  =  i'  +  Ai  =  —  7*  7-  88'.24 
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If  we  compute  all  the  terms^of  (444)^  we  shall  find 

Ai  =  — 1*.24  —  24.84  da  —  0.27  dd  +  23.84  dT^  24.24  dT'  —  0.44 ^a  T 
+  24.28  ^a'+ 0.29  M'+    1.79^5+    1.44  ^tt    —  0.04^^ 

This  shows  clearly  the  effect  of  each  source  of  error;  but  in  prac- 
tice it  will  usually  be  sufficient  to  compute  only  the  coefficients 
of  da  and  dd.   In  the  present  example,  therefore,  we  should  take 

aL  =  —  1'.24  —  24.84  da  —  0.27  M 

which  will  finally  be  fully  determined  when  da  and  dd  have  been 
found  from  nearly  corresponding  observations  at  Greenwich  or 
elsewhere. 

SEVENTH   METHOD. — BT   LUNAR  DISTANCES. 

247.  The  distance  of  the  moon  from  a  star  may  be  employed 
in  the  same  manner  as  the  right  ascension  was  employed  in 
Arts.  229,  &c.,  to  determine  the  Greenwich  time,  and  hence  the 
longitude.  If  the  star  lies  directly  in  the  moon's  path,  the 
change  of  distance  will  be  even  more  rapid  than  the  change  of 
right  ascension ;  and  therefore  if  the  distance  could  be  measured 
with  the  same  degree  of  accuracy  as  the  right  ascension,  it  would 
give  a  more  accurate  determination  of  the  Greenwich  time. 
The  distance,  however,  is  observed  with  a  sextant,  or  other  re- 
flecting instrument  (see  Vol.  11.),  which  being  usually  held  in 
the  hand  is  necessarily  of  small  dimensions  and  relatively  infe- 
rior accuracy.  Nevertheless,  this  method  is  of  the  greatest  im- 
portance to  the  travelling  astronomer,  and  especially  to  the 
navigator,  as  the  observation  is  not  only  extremely  simple  and 
requires  no  preparation,  but  may  be  practised  at  almost  any 
time  when  the  moon  is  visible. 

The  Ephemerides,  therefore,  give  the  true  distance  of  the 
centre  of  the  moon  from  the  sun,  from  the  brightest  planets,  and 
from  nine  bright  fixed  stars,  selected  in  the  path  of  the  moon, 
for  every  third  hour  of  mean  Greenwich  time.  The  planets  em- 
ployed are  Saturn,  Jupiter,  Mars,  and  Venus.  The  nine  stars, 
known  as  lunar-distance  stars,  are  a  Arietis,  a  Tauri  {Aldebaran)j 
fi  Geminorum  {Pollux)^  a  Leonis  {Regulus)^  a  Virginis  [Spkd)^ 
a  Scorpii  {Antares\  a  Aquilse  (AUair)^  a  Piscis  Australis  (Fomal- 
haut),  and  a  Pegasi  {Markab). 

The  distance  observed  is  that  of  the  moon's  bright  limb  from  a 
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star,  from  the  estimated  centre  of -a  planet,  or  from  the  limb  of 
the  sun.  The  apparent  distance  of  the  moon's  centre  from  a  star 
or  planet  is  found  by  adding  or  subtracting  the  moon's  apparent 
(augmented)  semidiameter,  according  as  the  bright  limb  is  nearer 
to  or  farther  from  the  star  or  planet  than  the  centre*  The  ob- 
served distance  of  the  sun  and  moon  is  always  that  of  the  nearest 
limbs,  and  therefore  the  apparent  distance  of  the  centres  is  found 
by  adding  both  semidiameters.* 

The  apparent  distance  thus  found  differs  from  the  true  (geo- 
centric) distance,  in  consequence  of  the  parallax  and  refraction 
which  affect  the  altitudes  of  the  objects,  and  consequently  also 
the  distance.  The  true  distance  is  therefore  to  be  obtained  by 
computation,  the  general  principle  of  which  may  be  exhibited  in 
a  simple  manner  as  follows.  Let  Z,  Fig.  29, 
be  the  zenith  of  the  observer,  M'  and  /S'the  ob- 
served places  of  the  moon  and  star,  MM'  the 
parallax  and  refraction  of  the  moon,  88'  the 
refraction  of  the  star,  so  that  M  and  8  are  th^ 
geocentric  places.  The  apparent  altitudes  of 
the  objects  may  either  be  measured  at  the  same 
time  as  the  distance,  or,  the  local  time  being 
known,  they  may  be  computed  (Art.  14).  The  apparent  zenith  dis- 
tances, and,  consequently,  also  the  true  zenith  distances,  are  there- 
fore known.  In  lie  triangle  ZM'8'  there  are  known  the  three 
sides,  M'8'  the  apparent  distance  of  the  objects,  ZM'  the  apparent 
zenith  distance  of  the  moon,  and  Z8'  the  apparent  zenith  distance 
of  the  star ;  from  which  the  angle  Z  is  computed.  Then,  in  the 
triangle  ZM8  there  are  known  the  sides,  ZM  the  moon's  true 
zenith  distance,  and  ZS  the  star's  true  zenith  distance,  and  the 
angle  Z;  from  which  the  required  true  distance  M8  is  computed. 
In  this  elementary  explanation  the  parallax  and  refraction  of 
the  moon  are  supposed  to  act  in  the  same  vertical  circle  ZM^ 
whereas  parallax  acts  in  a  circle  drawn  through  the  moon  and 
the  geocentric  zenith  (Art.  81),  while  refraction  acts  in  the  vertical 
circle  drawn  through  the  astronomical  zenith.  Again,  when  the 
moon,  or  the  sun,  is  observed  at  an  altitude  less  than  60°,  it  is 
necessary  to  take  into  account  the  distortion  of  the  disc  produced 

*  We  may  also  obsenre  the  distance  ftrom  the  limb  of  a  planet,  provided  the  sex- 
tant telescope  is  of  sufficient  power  to  give  the  planet  a  well-defined  disc ;  and  the 
planet's  semidiameter  is  then  also  to  be  added  or  subtracted' 
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by  refraction  if  we  wish  to  compute  the  true  distance  to  the 
nearest  second  of  arc  (Art.  188).  These  features,  which  add 
very  materially  to  the  labor  of  computation,  cannot  be  over- 
looked in  any  complete  discussion  of  the  problem. 

Simple  as  the  problem  appears  when  stated  generally,  the 
strict  computation  of  it  is  by  no  means  brief;  and  its  importance 
and  the  frequency  of  its  application  at  sea,  where  long  computa- 
tions are  not  in  favor,  have  led  to  numerous  attempts  to  abridge 
it  In  most  instances  the  abbreviations  have  been  made  at  the 
expense  of  precision ;  but  in  the  methods  given  below  the  error 
in  the  computation  will  always  be  much  less  than  the  probable 
error  of  the  best  observation  with  reflecting  instruments :  so  that 
these  methods  are  entitled  to  be  considered  as  practically  perfect 

With  the  single  exception  of  that  proposed  by  Bessel,*  all  the 
solutions  depend  upon  the  two  triangles  of  Fig.  29,  and  may  be 
divided  into  two  classes,  rigorous  and  approximative.  In  the 
rigorous  methods  the  true  distance  is  directly  deduced  by  the 
rigorous  formulfiB  of  Spherical  Trigonometry ;  but  in  the  approxi- 
mative methods  the  difference  between  the  apparent  and  the 
true  distance  is  deduced  either  by  successive  approximations  or 
from  a  development  in  series  of  which  the  smaller  terms  are 
neglected.  Practically,  the  latter  may  be  quite  as  correct  as  the 
former,  and,  indeed,  with  the  same  amount  of  labor,  more 
correct,  since  they  require  the  use  of  less  extended  tables  of 
logarithms.  I  propose  to  give  two  methods,  one  from  each  of 
these  classes. 

A. — The  Rigorous  Method. 

248.  For  brevity,  I  shall  call  the  body  from  which  the  moon's 
distance  is  observed  the  sun^  for  our  formulse  will  be  the  same 
for  a  planet,  and  for  a  fixed  star  they  will  require  no  other 
change  than  making  the  parallax  and  semidiameter  of  the  star 
zero. 

*  Astron.  Naeh,  VoL  X.  No.  218,  and  Attron,  Untertuehungmj  Vol.  II.  Bbssel*8 
method  requires  a  different  form  of  lunar  Ephemeris  from  that  adopted  in  our 
Nautical  Almanacs.  But  even  with  the  Ephemeris  arranged  as  he  proposes,  the 
computation  is  not  so  brief  as  the  approximative  method  here  given,  and  its  supe- 
riority in  respect  of  precision  is  so  slight  as  to  give  it  no  important  practical 
advantage.  It  is,  however,  the  only  theoretically  exact  solution  that  has  been  given, 
and  might  still  come  into  use  if  the  meaturement  of  the  distance  could  be  rendered 
much  more  precise  than  is  now  possible  with  instruments  of  reflection. 
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Let  us  suppose  that  at  the  given  local  mean  time  7^  the  obser- 
vation (or,  in  the  ease  of  the  altitudes,  computation)  has  given 

d!'=:  the  apparent  distance  of  the  limbs  of  the  moon  and 

sun, 
K=  the  apparent  altitude  of  the  moon's  centre, 
£r'=:  the  apparent  altitude  of  the  sun's  centre, 

and  that  in  order  to  compute  the  refraction  accurately  the 
barometer  and  thermometer  have  also  been  observed.  For  the 
Greenwich  time  corresponding  to  2^  which  will  be  found  with 
sufficient  accuracy  for  the  purpose  by  employing  the  supposed 
longitude,  take  from  the  Ephemeris 

s  =  the  moon's  semidiameter, 
8  =  the  sun's  " 

then,  putting 

d'z=  the  apparent  distance  of  the  centres, 
^  =  the  moon's  augmented  semidiameter, 
=  a  +  correction  of  Table  XII. 
we  have 

upper  signs  for  nearest  (inner)  limbs,  lower  signs  for  farthest 
(outer)  limbs. 

But  if  the  altitude  of  either  body  is  less  than  50°,  we  must 
take  into  account  the  elliptical  figure  of  the  disc  produced  by 
refraction.  For  this  purpose  we  must  employ,  instead  of  s'  and 
8y  those  semidiameters  which  lie  in  the  direction  of  the  lunar 
distance.    Putting 

q  =  ZM'8%  q=^Z8'M'  (Fig.  29) 

A5,  A/S  =  the  contraction  of  the  vertical  semidiameters  of  the 
moon  and  sun  for  the  altitudes  V  and  H', 

the  required  inclined  semidiameters  will  be  (Art  188) 
a'-—  A5  cos'g  and  8  —  ^8 cos" Q 

The  angles  q  and  Q  will  be  found  from  the  three  sides  of  the 
triangle  ZM'S'^  taking  for  d'  its  approximate  value  d''  dt  s'±  8 
(which  is  sufficiently  exact  for  this  purpose,  as  great  precision  in 
q  and  Q  is  not  required),  and  for  the  other  sides  90°  —  A'  and 
90^  —  2?'.    K  we  put 

m  =  i(^k'+  H'+d') 
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we  shall  have 

8in»Jg= ^—^ — -^         Bm«je= ^-—j^ — — -^  (445) 

sin  d'  cos  h!  sin  d'  aosS' 

and  then  the  apparent  distance  by  the  formula 

d'=d''±{^-'  A5C08'5r)±(/S—  AiScos'C)  (446) 

We  are  now  to  reduce  the  distance  to  the  centre  of  the  earth. 
We  shall  first  reduce  it  to  that  point  of  the  earth's  axis  which 
lies  in  the  vertical  line  of  the  observer.  Designating  this  point 
as  the  point  0,  Art,  97,  let 

d^,  h^f  J7|  =  the  distance  and  altitudes  redaeed  to  the  point 

o, 

r,  R  =  the  refraction  for  the  altitudes  h'  and  H'^ 
ir,  P  =  the  eqaatorial  hor.  parallax  of  the  moon  and 
sun. 

The  moon's  parallax  for  the  point  0  will  be  found  rigorously 
by  (127),  but  with  even  more  than  sufficient  precision  for  the 
present  problem  by  adding  to  ;r  the  correction  given  by  Table 
^111     Denoting  this  correction  by  A;r,  we  have 

Ai=:^'  — r  +  TT,  cos  (A'  — r)       ir,  =  J?'  — ^  + Pco8(ir'  — S)  (447) 

The  parallax  P  is  in  all  cases  so  small  that  its  reduction  to  the 
point  0  is  insignificant. 

K,  then,  in  Fig.  29,  M  and  S  represent  the  moon's  and  sun's 
places  reduced  to  the  point  0,  and  we  put 

Z  =  the  angle  at  the  zenith,  MZ8, 

we  shall  have  given  in  the  triangle  M'ZS'  the  three  sides 
rf',  90°  —  A',  90°  —  H\  whence 

, ,  ^      cos  }  (K  +  H'  -\-  d')  cos  }  (V  +  H'  —  d') 

cos*  i  Z  = ^^ — • ■ ^^ — ' ^ 

cos  h'  cos  H' 

and,  then,  in  the  triangle  MZS  we  shall  have  given  the  angle  Z 
with  the  sides  90°  — -  h^  and  90°  —  -Hj,  whence  the  side  MS  =  d^ 
will  be  found  by  the  formula  [Sph.  Trig.  (17)], 

sin* }  di  =  cos'  }  (hi  +  jffi)  —  cos  hi  cos  -Hi  cos'  }  Z 
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To  simplify  the  computation,  put 

m  =  J  (A'  +  JT'  +  (f ) 

then  the  last  formula,  after  substituting  the  value  of  Z,  becomes, 

.  ,  -  ,  •  1  •»     ,    Trv       COS  ht  cos  Ht  f  ,,^ 

sm»  }  rfi  =  cos'  \Qh-\-  -SI) cos  m  cos  (m  —  d') 

COB  K  cos  H* 

Let  the  auxiliary  angle  M  be  determined  by  the  equation 

sin*  if  =  ^<>^  ^i  ^^  -^t    cos  m  cos  (m  —  ^) 

cos  A' cos  2r'"    cos>J(A|  +  irO  ^      ^ 

then  we  have* 

sin  }  (?i  =  cos  J  (^  +  -Hi)  cos  Jlf  (449) 

Finally,  to  reduce  the  distance  from  the  point  0  to  the  centre 
Fig.  so.  of  the  earth,  let  P  (Fig.  30)  be  the  north  pole  of 

the  heavens,  M^  the  moon's  place  as  seen  from  the 
point  0,  M  the  moon's  geocentric  place,  S  the 
^^^  sun's  place  (which  is  sensibly  the  same  for  either 
\  point).  The  point  0  being  in  the  axis  of  the 
celestial  sphere,  the  points  M^  and  M  evidently  lie 
in  the  same  declination  circle  PMJ^.  Hence, 
putting 


d  =  the  geocentric  distance  of  the  moon  and  sun  =  SM^ 


^1  =  SM^^ 


d  =  the  moon's  geocentric  declination  =  90°  —  PM^ 

d^  ==  the  declination  reduced  to  the  point  0  =  90**  —  PM^, 

J  =  the  sun's  declination  =  90**  —  PSy 

we  have,  in  the  triangles  PMS  and  M^MSy 

^    «      cos  d,  —  cos  (d,  —  ^)  cos  d        sin  J  —  sin  d  cos  d 

cos  PMS  = ^ ^-^^ =  

g]Q  (^^  —  d)  sin  d  cos  d  sm  d 

We  may  put  cos  {d^  —  ^)  ==  1,  and,  therefore, 

cos  d.  —  cos  (i  =  — ^  '        ^  (sin  J  —  sin  ^  cos  d) 
cos  d 


*  This  transforxnation  of  the  formuln  is  due  to  Borda,  DueripHon  et  uHigt  da  etreU 
de  rifiexwn. 
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and  since  d  —  dy  is  very  small,  we  may  put  cos  rf,  —  cos  d  = 
sin  {d  —  dj)  sin  d^,  and  hence,  very  nearly. 


^-d.=*--' 


(sin  J  sin  ^  \ 

sin  d^        tan  d^  I 


cos  d 

Substituting  the  value  of  ^i  —  *  from  (122), 

.       .       /  sin  J  sin  ^  \  ,,^^ 

d^d^  =  An  Bin  y\ )  (450) 

\  sin  d^       tan  d^  I 

in  which  y  is  the  latitude  of  the  observer,  and  log  A  may  be 
taken  from  the  small  table  given  on  p.  116.  The  correction 
given  by  this  equation  being  added  to  rf^,  we  have  the  geocentric 
distance  d  according  to  the  observation. 

To  find  the  longitude,  we  have  now  only  to  find  the  Green- 
wich mean  time  T^  corresponding  to  d,  by  Art.  66,  and  then 

L=T^-^T  (451) 

Example. — ^In  latitude  85°  N.  and  assumed  longitude  150®  W., 
1856  March  9,  at  the  local  mean  time  T=  5*  14"*  6%  the  ob- 
served  altitudes  of  the  lower  limbs  and  the  observed  distance 
of  the  nearest  limbs  of  the  moon  and  sun  were  as  follows,  cor- 
rected for  error  of  the  sextant : 

A"  =  52^  34'  0"  H''  =  8*  56'  23"  d"  =  44^  36'  58".6 

The  height  of  the  barometer  was  29.5  inches,  Attached  therm. 
60°  F.,  External  therm.  58°  F. 

I  shall  put  down  nearly  all  the  figures  of  the  computation,  in 
order  to  compare  it  with  that  of  the  approximative  method  to  be 
given  in  the  next  article. 

1st.  The  approximate  Greenwich  mean  time  is  5*  14"*  6'  +  10* 
=  15*  14*  6*,  with  which  we  take  from  the  American  Ephemeris 

8  =  16'  23".l  It  =  60'  1".9  d=  +  W  19' 

>8r=16'   8".0  P=       8".6  j  =  —    4°   3' 

2d.  To  find  the  apparent  semidiameters,  we  first  take  the 
augmentation  of  the  moon's  semidiameter  from  Table  XII., 
=  14".0,  and  hence  find 

«'=16'37".l 
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Then  to  comput-e  the  contraction  produced  by  refraction  we  find 
from  the  refraction  table,  for  the  given  observed  altitades,  the 
contractions  of  the  vertical  semidiameters  (Art.  182), 


A5  =  0".4 


A/S  =  9".6 


With  the  approximate  altitudes  and  distance  of  the  centres  we 
then  proceed  by  (445),  as  follows : 


<f '  =  460  lO' 

log  coseo  d* 

0.1498 

log  oosee  d' 

0.1498 

A'   =62  61 

log  sec  h' 

0.2190 

H'=r    9  12 

log  see  H' 

0.0056 

m   =63  87 

log  COS  m 

9.7782 

log  cos  m 

9.7782 

iEr  =  44  26 

log  sin  (m — 

H')   9.8450 

V   =   0  46 

log  sin  {m  — 

A')  8.1266 

9.9865 

8.0546 

log  Bin  }y 

9.9988 

log  sin  J  « 

9.0273 

9  = 

159«»56' 

«  = 

12*>14' 

log  cos'  q 

9.9456 

log  cos«  Q 

9.9800 

log  A< 

9.6021 
9.6477 

log  AiS 

0.9823 
0.9628 

^8  cos'  q  = 

0."4 

A5C0S>e=: 

:      9".2 

Hence  we  have,  by  (446), 

rf"=44*'36'58".6 
«'— A«  cos'g  ==  16  36  .7 
g— Agco8'e=        15  58  .8 

(^'=45     9  34.1 

8d.  To  find  the  apparent  and  true  altitudes  of  the  centres. — The 
apparent  altitudes  of  the  centres  will  be  found  by  adding  the 
contracted  vertical  semidiameters  to  the  observed  altitudes  of  the 
limbs.  The  apparent  altitudes,  however,  need  not  be  computed 
with  extreme  precision,  provided  that  the  diiFerences  between 
them  and  the  true  altitudes  are  correct;  for  it  is  mainly  upon 
these  differences  that  the  difference  between  the  apparent  and 
true  distance  depends. 

The  reduction  of  the  moon's  horizontal  parallax  to  the  point 
0  for  the  latitude  85°  is,  by  Table  XTTT.,  A;r  =  8".9;  and  hence 
we  have 

w^  =  w  +  A7r  =  60'5".8 

and  the  computation  of  the  altitudes  by  (447)  is  as  follows : 
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A'' =  52^84'    0"  jr"  =  8°56'28" 

Vert,  semid.  =        16  37  Yert.  semid.  ::=      15  68 


A'  =  52    60  87  iT'  =  9    12  21 

Table ILr   =  42  .7  R    =        6  88  .6 

A'  — r   =52   49  64.8  JT'— 5    =9     6  47.4 

log  IT,                  8.55700  logP                   0.9345 

log  cos  (A'  ^  r)  9.78115  log  cos (iT'^  B)  9.9945 

3.33815  0.9290 

7r.cos(A'  — r)    =__36M18^5  Pcos(Jr'-.ii)  ==             «'.b 

Ai  =  58°  26' 12".8  H^=  90  6' 55".9 

4th.  We  now  find  the  distance  d^  by  (448)  and  (449),  as  follows: 

(^'  =  45°    9'34'M 

A'  =  52  50  87  log  sec  0.2189688 
H'=  9  12  21  log  sec  0.0056300 
m  =  53  36  16  .1  log  cos  9.7733154 
ra  —  d'=:  8  26  42  .  log  cos  9.9952654 
Ai  =  53  26  12  .8  log  cos  9.7750333 
fl,  =    9     6  55  .9  log  cos      9.9944803 

2)  9.7626927 
9.8813464 

}(Ax+  JTi)  =  81    16  84  .4  log  cos      9.9318007    9.9818007 

log  sin  M  9.9495457    log  cos  M  9.6583330 

idi=22    64    9.2  log  sin  J  d^  9.5901837 

(?i=45.48  18.4 

5th.  To  find  the  geocentric  distance,  we  have,   by  (450), 
for  f  =  85°, 

logil  7.8249  S  =  +  Wlff 

logTT  8.5565  J=—   4     8 

log  sin  y>        9.7586 

1.1400 1.1400 

log  sin  J      n8.8490  log  sin  d     9.3932 

log  cosec  di   0.1445  log  cot  d^   9.9878 

n0.1335  n0.5210 

—  1".4  —  3".3 

d  — c^i=— 4".7 

d  =  45^  48'  18".7 

6th.  To  find  the  Greenwich  mean  time  corresponding  to  d^ 

Vol.  I.— J6 
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and  hence  the  longitude,  according  to  Art.  66,  we  find  an  ap- 
proximate time  (T)  +  t  hy  simple  interpolation,  and  then  the 
required  time  Tq  =  {T)  +  t  +  i^t,  taking  a<  from  Table  XX., 
with  the  arguments  t  and  aQ  (=^  increase  of  the  logarithms  in 
the  Ephemeris  in  3*),  as  follows : 
By  the  American  Ephemeris  of  1866  for  March  9,  we  have 


(r)  =  i5»  o» 

c 

(i  )  =  45»  40'  54"           Q  =  0.2510 
d   =45   48  18  .7 

t   =   0  18 

4 

7  1J.7    log   =2.6482 

A<=           — 

1 

log  «  =  2.8942 

r.=  i5  18 

8 

r=  5  14 

6 

i  =    9  58    57 

B. — The  Approximative  Method. 

249.  I  shall  here  give  my  own  method  (first  published  in  the 
Astronomical  Journal^  Vol.  11.),  as  it  yet  appears  to  me  to  be 
the  shortest  and  most  simple  of  the  approximative  methods 
tohen  these  are  rendered  sufficienUy  accurate  by  the  introduction  of  cdl 
the  necessary  corrections.  Its  value  must  be  decided  by  the  im- 
portance attached  to  a  precise  result.  There  are  briefer  methods 
to  be  found  in  every  work  on  Navigation,  which  will  (and  should) 
be  preferred  in  cases  where  only  a  rude  approximation  to  the 
longitude  is  required. 

As  before,  let 

h\  H'  =  the  apparent  altitudes  of  the  centres  of  the  moon 
and  sun, 
d"  =  the  observed  distance  of  the  limbS| 
8f  8  =  their  geocentric  semidiameters, 
ic,P  =  their  equatorial  horizontal  parallaxes, 

sf  =  the  moon's  semidiameter^  augmented  by  Table 

XIL, 
ff^  =  the  moon's  parallax,  augmented  by  Table  XIII. 

We  shall  here  also  first  reduce  the  distance  to  the  point  0  of 
Art  97.  The  contractions  of  the  semidiameters  produced  by 
refraction  will  be  at  first  disregarded,  and  a  correction  on  that 
account  will  be  subsequently  investigated.  K  then  in  Fig.  29, 
p.  394,  M'  and  S'  denote  the  apparent  places,  -Sf  and  S  the  places 
reduced  to  the  point  0,  we  shall  here  have 
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V  =  90*»  —  ZM'y  H'  =  90*»  —  Z8\ 

A,=  90«>—  ZM,  -H;  =  90^—  ZS, 

and  the  two  triangles  give 

_      COB  di  —  sin  A,  sin  JHi       cos  d'  —  sin  h'  sin  H* 
cos  ^  =^ =  * 

COS  A|  cos  Hx  cos  A'  cos  R' 

from  which,  if  we  put 

sin  \  sin  JJj  cos  A^  cos  H^ 

sin  A'  sin  H'  cos  A'  cos  ^' 

we  derive 

cos^f'  —  co8(ij  =  (l  — n)cosd'  +  (n  —  m)8in  A' sin  -H'        (a) 
Put 

Arf  =  ^j— d'  aA  =  Aj— A'  ikH=W  —  H^         (6) 

then  we  have 

cosci' — cos(fj  =  2  sin}A<f  sin(d'+ }a^  (c) 

and 

_  cos  (A^  +  aA)  cos  (H'  —  Ag) 

cos  A'  cos  H' 


2siD  }  AA8in(A^+  }  aA)  \^^  /        28inUgsin(g^— iAg)\ 

"^  cosg'  J 


_/        2siD}AA8in(A^+}AA)\^J 
"V"  cos  A'  /^\ 

2sin}AAsin(y+iAA)        2  sin  \  A^sin  (g^—  }  aJT) 


cos  A'  cos  g' 

4  sin  i  aA  sin  \  Agsin  (A^  +  }  aA)  sin  {H'  —  }  Ag) 
"^  cos  A'  cos  H'  ^^ 

Also 

sin  A'  cos  A,  sin  H*  cos  ff.  —  cos  A'  sin  A,  cos  JET  sin  JHl 

n  —  m  = * * * ^ 

sin  A'  cos  A'  sin  g'  cos  H' 

substituting  in  which  the  values 

2  sin  A'  cos  A^  ==  sin  (2  A'  +  aA)   —  sin  aA 
2  cos  A'  sin  A,  =  sin  (2  A'   +  aA)   +  sin  aA 
2  sin  JT'cos  J?;  =  sin  (2  JT'  —  aJ?)  +  sin  aS" 
2  cos£''sin  B;  =  sin  (2  J'  —  a  J?)  —  sin  a  J 
we  find 

_  sin  A-gsin  (2  hf+  aA)  —  sin  AAsin  (2  g^—  a  g) 
**  "^■"  2  sin  A' cos  A' sin  g'  cos  g'  ^^^ 
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fiubstituling  (c),  (d),  and  {e)  in  (a),  and  at  the  same  time,  foi 
brevity,  putting 

_       2  8iniAAsin  (h'  +  j^h) 
*~"  COB  A' 

^  ___  sin  aA  sJD  (2  g'—  AJT) 
* "~  2  cos  A'  eoB  JT 

^  _       2siD}Agsin(g^— JAJT) 
'""  cos^' 

y.  _       sinAgsiD(2y+ aA) 
* "~  2  cos  A'  cos  if' 

we  have 

28ln}A<i8in(i'4-jA(f)=il,coe(!'+5i+Ciooe<«'+D,— iliCicoed'  (/) 

This  formula  is  rigorously  exact ;  but,  since  ^d  is  always  less 
than  1°,  it  will  not  produce  an  error  of  O'M  to  substitute  the  arcs 
I  Ae^  j^  aA,  &c.  for  their  sines,  or  j^  ud  sin  1",  \  aA  sin  1",  Ac.  for 
sin  \  ^dy  sin  |  aA,  &;c.  ;  and  therefore  we  may  write 

Aisin((f'+§A<f)==^iCOsd'+jB|  +  CiCosrf'+A— ACisinT'cosd'  (g) 

in  which  A^  B^  Q,  -Dj,  now  have  the  following  signification : 

^  _         aA      sm(2jEr— aJT) 

*  "~      cos  A' '         2  cos  jy 

cos  a 
^  _         Ag     siD(2A'+ aA) 

*  "■      COS  IT  "       2  cos  A' 

The  next  step  in  our  transformation  consists  in  finding  con- 
venient and  at  the  same  time  sufficientiy  accurate  ezpressioQa 
of  aA  and  a^.    Let 

r,  R  =  the  true  reflractions  for  the  apparent  altitudes  A'  and 

J'; 

then  we  have,  within  less  than  O'M, 

aA  =  wi  cos(A'  ^r)^r 
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If  we  neglect  r  in  the  term  jr^  cos  (A'—  rj,  the  error  in  this  term 
will  never  exceed  1" ;  but  even  this  error  will  be  avoided  by 
taking  the  approximate  expression 

C08(A' —  r)  =  cos  h'  +  sin  r  sin  A' 

and  we  shall  then  have 

^A  =  9ri  cos  A' —  r  +  ifi  sin  r  sin  A' 

/  iL/        n/i    .   ''i  sin  r  sin  A' \ 

=  (7r,  cos  A'—  r)(  1  + ) 

\  iTi  cos  A'  —  r  / 

Since  the  second  term  of  the  second  factor  produces  but  1^' 
in  aA,  we  may  employ  for  it  an  approximate  value,  which  will 
still  give  aA  with  great  precision.  Denoting  this  term  by  A,  we 
have 

TTj  sin  r  sin  A'        sin  r  tan  A' 


k  = 


Ki  cosA'— r 


or,  very  nearly, 

A:  =  sinrtanA'(l  4 ^ \ 

\  ifi  cos  A'  / 

If  we  put 

r  =  o  cot  A', 

in  which  a  has  the  value  given  in  Table  11.,  we  have 

A:=:asinr(l  +  — !— ) 

Kow,  a  increases  with  A',  but  in  such  a  ratio  that  k  remains  very 
nearly  constant  for  a  constant  value  of  tt^  We  may  without 
sensible  error  take  tTj  =  57'  30"  =  8450",  which  is  about  the 
mean  value  of  tt^  and  we  shall  find  for  a  mean  state  of  the  air, 
by  the  values  of  a  given  in  Table  11., 

forA'=    5**         •  A:  =  0.000291 

A'=  45  *  =  0.000289 

A'=  90  k  =  0.000285 

Hence,  if  we  take 

A:  =0.00029 
the  formula 

A  A  =  (tt,  cos  A'  —  r)  (1  +  k)  (452) 

¥^11  give  aA  within  j^^  of  its  whole  amount,  that  is,  within  less 
than  0".02  in  a  mean  state  of  the  air.    For  extreme  variations 
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of  the  density  of  the  air,  it  is  possible  that  the  refraction  may 

be  increased  by  its  one-sixth  part,  and  k  will  also  be  increased 

by  its  one-sixth  part.    But,  as  the  term  depending  on  A;  is  not 

more  than  1",  the  error  in  aA,  even  in  the  improbable  case 

supposed,  will  not  be  greater  than  0'M6.     The  formula  (452) 

may  therefore  be  regarded  as  practically  exact  with  the  value 

]c  =  0.00029. 

A  strict  computation  of  the  sun's  or  a  planet's  altitude  requires 

the  formula 

aJ?  =  i2  —  P  cos  (J?'— JR) 

but  J^  is  in  all  cases  so  small  that  the  formula 

A-ff  =  -K  — PcosJJ'  (463) 

will  always  be  correct  within  a  veiy  small  fraction  of  a  second. 
Now,  let 

cos  A'  cos  if' 

The  quantities  r'  and  R'  computed  from  the  mean  values  of  the 
refraction  are  given  in  Table  JLLV.  under  the  name  "Mean 
Eeduced  Refraction  for  Lunars."  The  numbers  of  the  table 
are  corrected  for  the  height  of  the  barometer  and  thermometer 
by  means  of  Table  XIV.  A  and  B.  These  tables  are  computed 
from  Bessel's  refraction  table,  assuming  the  attached  ther« 
mometer  of  the  barometer,  and  the  external  thermometer,  to 
indicate  the  same  temperature,  which  is  allowable  in  our  present 
problem.*    By  the  introduction  of  r'  and  ^',  we  obtain 

-^=(,.-0(1+*)  d^=^'— p 

cos  iv  COS  M 

and  the  coefficients  of  formula  {g)  become 

*  If  it  ie  desired  to  compute  r'  and  R'  with  the  utmost  rigor,  it  can  be  done  by 
Table  II.,  by  taking  (Art.  107) 

sin  A'  sin  ^' 

The  tables  XIV.  and  XIV.  A  and  B  give  the  correct  values  to  the  nearest  second  in  aU 
•  practical  cases. 
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il,  =      (wi  _  r*)  (1  +  A)  sin  (h'  +  i  tJi) 

(7|  =  —  (J?'  — P)  Bin(Jr'—  §  Afi-) 

^  ^       2  cos  A' 

The  term  -4.i  Q  sin  1"  cos  rf'  is  very  small,  its  maximum  being 
only  l'^  It  is  easy  to  obtain  an  approximate  expression  for  it 
and  to  combine  it  with  the  term  A^co&d'.  In  so  small  a  term 
we  may  take 

Ci  sin  1"=  —  JB'sin  l"sm  S'=  —  sin  R  tan  E:'=  —  k 

and  hence 

ill  —  Ad  Bin  V'=Ai  (l  +  k)  =  (TTi  —  r')  (1  +  ky  sin  (A'+  §  aA) 

K  now  we  put 

sin  A' 

sin  2^ 

p_sin(g^— }Ag) 
""  sin  .ff' 


(455) 


sin(2A^+AA) 
""       sin  2  A' 


and 


ii'  =      («,  — O  il  sin  A'  cot  d' 
E  =  —  (tTj  —  r')  J5  sin  JJ'  cosec  d' 
(7'=  —  (-B'— P)  C7 sin  W  cot  d' 
D'=      (ii'— P) Dsin  A' cosec  d' 

the  formula  (^)  becomes,  when  divided  by  sin  d', 

sm  d' 

the  first  member  of  which  may  be  put  under  the  form 

/         2  sin  i  A<f  cos  (rf'  +  i  A<f)  \ 
\    +  Bind'  / 


V<66> 


408^  LONOITUDB. 

BO  that  if  we  put 

— .         ^^  "'^  ^^'  cos  (d  ^  +  i  A(f) 

""  2  flin  (f ' 

or,  within  0'M6, 

a:  =  —  J  A(f'  sin  1"  cot  d'  (457) 

we  have 

iid=zA'+  B'+  C'  +  D'  +  x  (458) 

The  tenns  A'j  B\  C7',  and  ZK  are  computed  directly  from  the 
apparent  distance  and  altitudes  by  (456),  and  with  sufficient 
accuracy  with  four-figure  logarithms.  The  logarithmsof -4,  B^  Q  D, 
are  given  in  Table  XV.,  log  A  and  log  2)  with  the  arguments 
TTi  —  r'  and  A';  log  B  and  log  C  with  the  arguments  B,'—  P 
and  H'.  In  the  construction  of  this  table  aA  and  c^H  are  com- 
puted by  (452)  and  (458),  and  then  the  logarithms  of  -4,  By  (7,  D, 
by  (456). 

The  sum  ^'+  5'  +  C'  +  JD'  is  called  the  "first  correction  of  the 
distance,"  and,  being  very  nearly  equal  to  Ad,  is  used  as  the  argu- 
ment of  Table  XVI.,  which  gives  x,  or  the  "  second  correction 
of  the  distance,"  computed  by  (457).  When  x  is  greater  than  80'' 
and  the  distance  small,  it  will  be  necessary  to  enter  this  table  a 
second  time  with  the  more  correct  value  of  ^d  found  by  em- 
ploying the  first  value  of  x. 

The  correction  ^d  being  thus  found  and  added  to  rf',  we  have 
d,,  or  the  distance  reduced  to  the  point  0.  The  reduction  to  the 
centre  of  the  earth  is  then  made  by  (450).  This  reduction  is 
also  facilitated  by  a  table.    If  we  put 


\sin  d^       iAudJ 


and  then 

.     sin  ^  .         .     sin  J 

a  ^-^Av  ' — --  b  =  Aiz  -r-r 

tan  d^  sm  d^ 

we  shall  have 

N==a  +  b  (459) 

and  a  and  b  can  be  taken  from  Table  XIX.  where  a  is  called  "  the 
first  part  of  iV,"  and  b  "  the  second  part  of  JV."    We  then  have 

d-^d^^IfBin^  (460) 

which  is  the  correction  to  be  added  to  rf,  to  obtain  the  geocentric 
distance  d.    Table  XIX.  is  computed  with  the  mean  value  ol 
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71  =  67'  30'',  which  will  not  produce  more  than  1"  error  in 
d  —  d^  in  any  case.  But,  if  we  wish  to  compute  the  correction 
for  the  actual  parallax,  we  shall  have,  after  finding  N  by  the 
table, 

d-d,=.N^fX-~r,  (460*) 

TV  being  in  seconds. 

The  trouble  of  finding  the  declinations  of  the  bodies  and  the 
use  of  Table  XIX.  would  be  saved  if  the  Almanac  contained  the 
logarithm  of  N  in  connection  with  the  lunar  Ephemeris.  The 
value  of  log  N  in  the  Almanac  would,  of  course,  be  computed 
with  the  actual  parallax,  and  (460)  would  be  perfectly  exact. 

We  have  yet  to  introduce  corrections  for  the  elliptical  figure 
of  the  discs  of  the  moon  and  sun  produced  by  refraction.  These 
corrections  are  obtained  by  Tables  XVII.  and  XVill.,  which  are 
constructed  upon  the  following  principles.    Let 

A^j,  ^8^  =  the  contractions  of  the  vertical  semldiameters, 
^s,  ^8  =  the  contractions  of  the  inclined  sediidiameters; 

then  we  have  (Art.  183) 

A«  =  4«,  cos*  q  ^8=  aSj  cos'  Q 

Where  j  =  the  angle  ZM'S'  (Fig.  29)  and  Q  =  ZS'M\  We 
have 

sin  H'  —  sin  h'  cos  d' 


But,  by  (456), 

vu« 

cos  A'  sin  d' 

sin  ST 

B'                    linA'cosrf'                  A' 

tos  A'  sin  d' 

B(K, 

—  OcobA'         cos  A' sin  tf'      JL  (tt^  —  O  cos  A' 

ao  that 

I  A'   .   B'\  1 


O  cos  K 

If  we  put  A  =  l  and  B  =  ly  which  are  approximate  valaes,  we 
«hallhave 

A'+B' 

COB  <7  = ' : 

(«!— r')COB*' 

A«  =  A«j  F— il±-?l_]*  (461) 

L(t,  — OcobA'J  ^      ^ 
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In  order  to  aBcertain  the  degree  of  accuracy  of  this  formola, 
we  observe  that  the  errors  in  cos  q  produced  by  the  assumption 
J.  =  1,  jB  =  1,  are 

..       -.  tanA'  ,      ,,        -,.       sin  ^ 


tan  d'  ^       ^  '  cos  K  sind' 

the  errors  in  cos*g  are 

2eco8;  2e'oo6; 

and  the  errors  m  ^s  are,  therefore, 
"  _  2Ag/A  —  1)  tan  y  cos  q  ,_  2Ag^  (1  —  E)  sin  g^  cos  g 


tan  d'  cos  A'  sin  d' 

In  order  to  represent  extreme  cases,  let  us  suppose  j  =  0  and 
£^=  90°,  which  will  give  Cy^  and  6/  their  greatest  values;  then 
we  shall  find  for  the  different  values  of  h'  the  following  errors?  > 


h' 

t^ixud' 

<,'siii(i' 

6» 

0".45 

0".02 

10 

.16 

.00 

15 

.08 

,00 

80 

.02 

.00 

50 

.00 

.00 

It  can  only  be  for  very  small  values  of  rf'  that  the  error  e^  can  be 
important,  even  for  A'  =  5° ;  and,  as  these  small  values  of  the 
distance  are  always  avoided  in  practice,  our  formula  (461)  may 
be  considered  quite  perfect. 

In  the  same  manner,  we  shall  find 

lS  =  ClS,    — ^ (462) 

which  is  even  more  accurate  than  (461). 

These  formulae  are  put  into  tables  as  follows.  For  the  moon, 
Table  XVTLA,  with  the  arguments  h'  and^i—  r',  gives  the 
value  of 

y       (tt^— O'cos'A'      ■' 

where /is  an  arbitrary  factor  (=18000000)  employed  to  ^vey 
convenient  integral  values.  Then  Table  XVii.B,  with  the  argu- 
ments g  and  A^  +  B'y  gives 
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For  the  sun,  Table  XVm. A,  with  the  arguments  JS'andB'—P, 
gives  the  value  of 

AS, 

in  which  F=  -^',  and  Table  XVIHB  gives 

.  In  these  tables  A'+  -B'  is  called  the  "whole  correction  of  the 
moon,"  and  C'  +  D'  the  "whole  correction  of  the  sun."  Aa 
these  quantities  are  furnished  by  the  previous  computation  of 
the  true  distance,  the  required  corrections  are  taken  from  the 
tables  without  any  additional  computation. 

The  values  of  ^  and  ^  are  applied  to  the  distance  as  follows : 
when  the  limb  of  the  moon  nearest  to  the  star  or  planet  is 
observed,  a5  is  to  be  subtracted,  and  when  the  farthest  limb  is 
observed,  a5  is  to  be  added ;  when  the  sun  is  observed,  both  a5 
and  lS  are  to  be  subtracted  from  d. 

In  strictness,  these  corrections  should  be  applied  to  the  dis- 
tance rf',  and  the  distance  thus  corrected  should  be  employed  in 
computing  the  values  of  -4',  -B',  C",  and  D'.  This  would 
require  a  repetition  of  the  computation  after  CkS  and  ^S  had  been 
found  by  a  first  computation;  but  this  repetition  will  rarely 
change  the  result  by  0".6.  In  the  extreme  and  improbable  case 
when  the  distance  is  only  20®  and  one  body  is  at  the  altitude  5® 
and  the  other  directly  above  it  in  the  same  vertical  circle  (so  that 
the  entire  contraction  of  the  vertical  semidiameter  comes  into 
account),  such  a  repetition  would  change  the  result  only  1".8 ; 
and  even  this  error  is  much  less  than  the  probable  error  of 
sextant  observations  at  this  small  altitude,  where  the  sun  and 
moon  already  cease  to  present  perfectly  defined  discs. 

250.  I  shall  now  recapitulate  the  steps  of  this  method. 
1st.  The  local  mean  time  of  the  observation  being  T,  and  the 
assumed  longitude  Zr,  take  from  the  Ephemeris,  for  the  approxi- 
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mate  Greenwich  time  T+  Ly  the  quantities  5,  8j  tt^  P,  8j  and  J. 
(For  the  sun  we  may  always  take  P  =  8".6 ;  for  a  star,  S=0^ 
P=0.) 

2d.  If  A",  S^\  d"  denote  the  observed  altitudes  and  distance 
of  tho  limbs,  find 

«'  =2  5  +  correction  of  Table  XII., 
it^z='K'\-  correction  of  Table  XIII., 

and  the  apparent  altitudes  and  distance  of  the  centres, 


A'=  Aphis', 


H'=H"z^8, 


d'  =  d''±8'±zS 


upper  signs  for  upper  and  nearest  limbs,  lower  signs  for  lower 
and  farthest  limbs. 

For  the  altitudes  A'  and  -ff ',  take  the  "  reduced  refractions" 
r'  and  B'  from  Table  XIV.,  correcting  them  by  Table  XIV.A 
and  B  for  the  barometer, and  thermometer.  Then  compute  the 
quantities 

A'  =      (7r,-~r')AsinA'cot(f'  C'  =  — (^'— P)CsinJrcotd' 

-B'  ==  —  (tt,  -.  r')  5  sin  JT  cosec  d'     D'=     (jS'— P)i>sin A'cosecJ' 

for  which  the  logarithms  of  -4,  5,  C,  and  D  are  taken  from 
Table  XV.  In  this  table  the  argument  tt^  —  r'  is  called  the 
"reduced  parallax  and  refraction  of  the  moon,"  and  -R'—  Pthe 
"  reduced  refraction  and  parallax  of  the  sun  (or  planet)  or  star." 
For  a  star  this  argument  is  simply  -R'. 

When  d'>  90°,  the  signs  of  A'  and  C"  will  be  reversed.  It 
maybe  convenient  for  the  computer  to  determine  the  signs  by 
referring  to  the  following  table : 


A' 

B' 

C" 

D' 

d'  <  90" 
d'  >  90° 

+ 

— 

+ 

+ 
+ 

8d.  The  terms  A^  and  P',  which  depend  upon  the  moon's 
parallax  and  refraction,  may  be  called  the  first  and  second  parts 
of  the  moon's  correction,  and  the  sum  A'  +  P'  the  "  whole  cor- 
rection of  the  moon."  In  like  manner,  C"  and  ly  may  be  called 
the  first  and  second  parts  of  the  sun's,  planet's,  or  star's  correo- 
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tion,  and  the  sura  C  +  ly  the  "  whole  correction  of  the  sun, 
planet,  or  star." 

The  sum  of  these  corrections  ==  A'  '\-  B'  +  C  +  D'  may  be 
called  the  "first  correction  of  the  distance."  Taking  it  as  the 
upper  argument  in  Table  XVI.,  find  the  second  correction  =  x, 
the  sign  of  which  is  indicated  in  the  table.  > 

4th.  Take  from  Table  XVII.A  and  B  the  contraction  of  its 
inclined  semidiameter  =  a5.  If  the  sun  is  the  other  body,  take 
also  the  contraction  from  Table  XVlll.A  and  B,  =  a&  The 
sign  of  either  of  these  corrections  will  be  positive  when  the 
farthest  limb  is  observed,  and  negative  when  the  nearest  limb  is 
observed. 

6th.  The  correction  for  the  compression  of  the  earth  is  =» 
i\r  sin  fjf  being  the  latitude ;  and  N  may  be  accurately  com- 
puted by  the  formula 

\  sin  d^       tan  d^  f 

or  it  may  be  found  within  1''  by  Table  XIX.,  the  mode  of  con- 
sulting which  is  evident  The  sign  of  JVsin  ip  will  be  determined 
by  the  signs  of  iVand  sin  f ,  remembering  that  for  south  latitudes 
sin  ip  is  negative. 

All  the  corrections  being  applied  to  d',  we  have  the  geocen- 
tric distance  d;  and  hence  the  corresponding  Greenwich  time 
and  the  longitude. 

Example. — ^Let  us  take  the  example  of  the  preceding  article 
(p.  899),  in  which  the  observation  gives 

lS6d,  March  9tb,  ^  r=:  85o. 
T      =   5*14«6-        ^  A"  =52^34'  0"       Barom.  29.6  in. 
Assumed  i      =10    0   0        QH"=   8    66  23         Therm.  58^  P. 
Approx.Gr.T.  =  15  14   6    3fGd"  =44   86  68.6 

By  the  Ephemeris,  we  have 

s  =  16'  28'M  ff  =  ev  1".9    8  =  Iff  8".0    P  =  8".6 

Table  XII.     +14  .0    Tab.  XIII.       +  3  .9    d  =  +  14«     J=-.4« 
«'=16  87  .1  ir,=:60  5  .8 

The  computation  may  be  arranged  as  follows: 
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2h''=   62O84'.0 

Q^B"^  80  66'.4 

rf"=440  86'68".6 

*'=    +    16.6 

5    =        16.1 

*'  =        16  87  .1 

V=    62   50.6 

ir'=  9   12.6 

5  =        16    8  .0 
d'  =  46     9  48.7 

Table  XrV.               I'W.l 

5'49".6 

"      "    A.            —  1  . 

—    6. 

"      ««    B.            —  1  . 

—    6. 

1^=        111,1 

J2'=      6  87  .6 

n^=      60    6  .8 

F=          8  .6 

^1-1^=      68  64.7 

-R'— P=      6  29.0 

(Table  XV.)  log  ^      0.0019 
log(7r,-r')    8.6484 
log  sin  h'         9.9016 

(Table  XV.)  log  (7    9.9978 
log(i2'-P)     2.6172 
log  Bin  H'         9.2042 

log  cot  rf'         9.9976 

log  cot  d'           9.9976 

log  A'              8.4498 

log  C              nl.7167 

X'=+46'68".9 

C'  =  —  62M 

(Table  XV.)  log -B     9.9981 
log(ffi-r')     8.6484 
log  sin  IT'         9.2042 

(Table  XV.)  log  i>    9.9987 
log(J?'— P)    2.6172 
log  sin  A'          9.9016 

log  cosec  d'      0.1498 

log  cosec  <7'      0.1498 

log  B'             »2.9000 

log     IT            2.6667 

^'  =  — 18'14".8 

/y^+e'  8".7 

^'+^'=+88  89  .6 

Table  XIX.  Ist  Part  of  -V = - 
2d     "        «  =5  - 

6" 
-2 
■8. 

C'+  /y  =  +  6  16  .6         1st  corr.  =  +  88' 66''.2 
(Table XVI.)     2d  corr.  =  —       18  .5 
(Table  XVII.)             A«  =              0. 
(Table  XVIII.)          ^S=  -         9  . 

^=85*.                              JV8in^=—         4.6 

<f  ==  46  48  12  .8 


This  result  agrees  with  that  found  by  the  rigorous  method  ou 
p.  401,  within  1". 

To  find  the  longitude,  we  now  have,  by  the  American  Ephe- 
meris  for  March  9, 


(r)  =  i5»  0- 

0- 

(_d)  =  45°  40'  54"      Q  =  0.2610 
(2  =  45  48  18 

7  19    log   =  2.6425 

«    =   0  18 

8 

log  t  =  2.8985 

Table  XX.         — 

1 

T„  =  15  18 

2 

r=    5  14 

_6 

J«=+17 


L  =  9  58  56 
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251.  In  consequence  of  the  neglect  of  the  fractions  of  a  second 
in  several  parts  of  the  above  method,  it  is  possible  that  the  computed 
distance  may  be  in  error  several  seconds,  but  it  is  easily  seen 
that  the  error  from  this  cause  will  be  most  sensible  in  cases 
where  the  distance  is  small ;  and,  since  the  lunar  distances  are 
given  in  the  Ephemeris  for  a  number  of  objects,  the  observer 
can  rarely  be  obliged  to  employ  a  small  distance.  If  he  confines 
himself  to  distances  greater  than  45®  (as  he  may  readily  do),  the 
method  will  rarely  be  in  error  so  much  as  2",  especially  if  he 
also  avoids  altitudes  less  than  10°.  When  we  remember  that 
the  least  count  of  the  sextant  reading  is  10",  and  that  to  the 
probable  error  of  observation  we  must  add  the  errors  of  gradua- 
tion, of  eccentricity,  and  of  the  index  correction,  it  must  be  con- 
ceded that  we  cannot  hope  to  reduce  the  probable  error  of  an 
observed  distance  below  5",  if  indeed  we  can  reduce  it  below 
10".  Our  approximate  method  is,  therefore,  for  all  practical 
purposes,  a  perfect  method,  in  relation  to  our  present  means  of 
observation. 

252.  If  the  altitudes  have  not  been  observed,  they  may  be 
computed  from  the  hour  angles  and  declinations  of  the  bodies, 
the  hour  angles  being  found  from  the  local  time  and  the  right 
ascensions.  But  the  declination  and  right  ascension  of  the  moon 
will  be  taken  from  the  Ephemeris  for  the  approximate  Green- 
wich time  found  with  the  assumed  longitude.  If,  then,  the  assumed 
longitude  is  greatly  in  error,  a  repetition  of  the  computation  may 
be  necessary,  starting  from  the  Greenwich  time  furnished  by  the 
first.  As  a  practical  rule,  we  may  be  satisfied  with  the  first 
computation  when  the  error  in  the  assumed  longitude  is  not 
more  than  30*.  In  the  determination  of  the  longitude  of  a  fixed 
point  on  land,  it  will  be  advisable  to  omit  the  observation  of  the 
altitudes,  as  thereby  the  observer  gains  time  to  multiply  the 
observations  of  the  distance.  But  at  sea,  where  an  immediate 
result  is  required  with  the  least  expenditure  of  figures,  the  alti- 
tudes should  be  observed. 

253.  At  sea,  the  observation  is  noted  by  a  chronometer  regu- 
lated to  Greenwich  time,  and  the  most  direct  employment  of  the 
resulting  Greenwich  time  will  then  be  to  determine  the  true 
correction  of  the  chronometer.     This  proceeding  has  the  advan- 
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tage  of  not  requiring  an  exact  determination  of  the  local  tizae  at 
the  instant  of  the  observation. 

For  example,  suppose  the  obserration  in  the  example  above 
computed  had  been  noted  by  a  Greenwich  mean  time  chrono« 
meter  which  gave  16*  10*  ()•,  and  was  supposed  to  be  slmD  4"  6*. 
The  true  Greenwich  time  according  to  the  lunar  observation 
waa  15*  IS*  0*,  and  hence  the  true  correction  was  +  8*  0".  With 
this  correction  we  may  at  any  convenient  time  afterwards  deteiv 
mine  the  longitude  by  the  chronometer  (Art  214). 

In  this  way  the  navigator  may  from  time  to  time  during  a 
voyage  determine  the  correction  of  the  chronometer,  and,  by 
taking  the  mean  of  all  his  results,  obtain  a  very  reliable  correci* 
tion  to  be  used  when  approaching  the  land.  He  may  even 
determine  the  rate  of  the  chronometer  with  considerable  accu* 
racy  by  comparing  the  mean  of  a  number  of  observations  in 
the  firat  part  of  the  voyage  with  a  similar  mean  in  the  latter 
part  of  it. 

254.  To  correct  the  longitude  found  by  a  lunar  distance  for  errors 
of  the  Ephemeris, — In  relation  to  the  degree  of  accuracy  of  the 
observation,  we  may  in  the  present  state  of  the  Ephemeris  regard 
all  its  errors  as  insensible  except  those  which  affect  the  moon's 
place.  If,  therefore,  the  longitude  of  a  fixed  point  haa  been 
found  by  a  lunar  distance  on  a  certain  date,  the  corrections  of 
the  moon's  right  ascension  and  declination  are  first  to  be  found 
for  that  date  from  the  observations  at  one  or  more  of  the  prin- 
cipal observatories,  and  then  the  correction  of  the  longitude  will 
be  found  as  follows.    Let 

o,  ^  =  the  right  ascension  and  declination  of  the  moon  given 

in  the  Ephemeris  for  the  date  of  the  observation, 
A,  J  =  those  of  the  sun,  planet,  or  star, 
3a,a^:=the  corrections  of  the  moon's  right  ascension  and 
declination, 
dd  =  the  corresponding  correction  of  the  lunar  distance, 
dL  =  the  corresponding  correction  of  the  computed  longi- 
tude; 

In  Pig.  80,  J!f  and  8  being  the  geocentric  places  of  the  two 
bodies,  as  given  in  the  Ephemeris,  and  d  denoting  the  distance 
JIfSy  we  have 

cos  ({  =  sin  *  sin  J  +  cos  ^  cos  J  cos  (*  —  A)  (468) 
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by  differentiating  which  we  find 


(464) 


, ,       cos  d  COS  J  sin  fa  —  A)    ^ 

da  = ^^ --da 

sin  d 

cos  ^  sin  J  —  sin  d  cos  J  cos  (a  —  A) 
sin  a 
If  then 

V  =  the  change  of  distance  in  8*, 
we  shall  have 

dL  =  -^SdX-  (465) 

in  compnting  which  we  employ  the  proportional  logarithm  of  the 

3* 
Ephemeris,  Q  =  log  —,  reduced  to  the  time  of  the  observation. 

Example. — ^At  the  time  of  the  observation  computed  in  Art. 
250,  we  have 

Moon,  a  =    2»  11-  14*  9  =  +  14^  18'.4 

Sun,    A  =  23   22    25  j=—    4      3.1 

a  —  A=    2  49    19  d=       45    48.2 
=    42^19'.8 

with  which  we  find,  by  (464), 

dd  =  0.908  da  +  0.350  M 
and  hence,  by  (465),  with  log  Q  =  0.2511, 

dL  =  —  1.62  ^a  —  0.62  dd 

Suppose  then  we  find  from  the  Greenwich  observations  8a  = 
—  O-.SS  =  —  5".7  and  dd  =  —  4".0,  the  correction  of  the  longi- 
tude above  found  will  be 

dL  =  +  llv7 

255.  To  find  the  longitude  by  a  lunar  distance  not  given  in  the 
Ephemeris. — The  regular  lunar-distance  stars  mentioned  in  Art. 
247  are  selected  nearly  in  the  moon's  path,  and  are  therefore  in 
general  most  favorable  for  the  accurate  determination  of  the 
Greenwich  time.  Nevertheless,  it  may  occasionally  be  found 
expedient  to  employ  other  stars,  not  too  far  from  the  ecliptic. 
Sometimes,  too,  a  different  star  may  have  been  observed  by 
mistake,  and  it  may  be  important  to  make  use  of  the  observation.. 

Vou  I.— 27 
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The  true  distance  d  is  to  be  found  from  the  observed  distance 
by  the  preceding  methods,  as  in  any  other  case.  Let  the  local 
time  of  the  observation  be  T^  and  the  assumed  longitude  L. 
Take  from  the  Ephemeris  the  moon's  right  ascension  a  and  de- 
clination d  for  the  Greenwich  time  T  +  i>  and  also  the  star's 
right  ascension  A  and  declination  J ;  with  which  the  correspond- 
ing true  distance  d^  is  found  by  the  formula 

cos  d^  =  sin  ^  sin  J  +  cos  d  cos  J  cos  (o  —  A) 

Then,  if  rf  =  d^,,  the  assumed  longitude  is  correct ;  if  otherwise, 

put 

k  =  the  increase  of  a  in  one  minute  of  mean  time, 
p  ==  the  increase  of  9     «  ''  <'        " 

Y  =  the  increase  of  d     "  "  "        " 

then  we  have,  by  (464), 

cos  d  cos  J  sin  (a  —  A)   ,       cos  ^  sin  J  —  sin  d  cos  J  cos  (a  —  -4)   ^ 

Y  = 'A ^^ -.  p 

sin  d^  sin  d^ 

and  henoe  the  correction  of  the  assumed  longitude  in  seconds 
of  time, 

dL  =  ^(id^d,) 

For  computation  by  logarithms,  these  formulae  may  be  ar- 
ranged as  follows : 

^      _ -.  tan  J 

tanJf  = 


cos  (a  —  A) 

sin  J  cos  (9  —  M) 
cos  d^= ^ 

-    (466) 
^^   cos^cosJsinCa-.^)  ^^,eati,tan(^-Jf) 
sin  d^  ' 

r 

Example. — Suppose  an  observer  has  measured  the  distance 
of  the  moon  from  Arciurus,  at  the  local  mean  time  1856  March 
16,  7=  10*  30"  0*,  in  the  assumed  longitude  i  =  6*  0*  0*,  and, 
reducing  his  observation,  finds  the  true  distance 

d  =  73^  55'  10" 

what  is  the  tme  longitude  ? 
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For  the  Greenwich  time  T  +  i  =  16*  80*  we  find 

a  =       8*  47~  6'.54  ^  =  +  23°  12'    7".l  ^  =  +  3r'.40 

A=     14     9    7.04  J  =  + 19    55  44.8  /?=  —    8.62 

a  —  A  =  —  5»  22~  0'.50  =  —  80°  30'    7".5 

with  which  we  find  by  (466), 


d,=      73"  55'  85". 

;.  =  -  25".59 

<f_d,==  — 25" 

«i>  =  +  68'.6 

and  therefore  the  longitude  is  6*  0*  58*.6. 

256.  In  order  to  eliminate  as  far  as  possible  any  constant 
errors  of  the  instrument  used  in  measuring  the  distance,  we 
should  observe  distances  from  stars  both  east  and  west  of  the 
moon.  If  the  index  correction  of  the  sextant  is  in  error,  the 
errors  produced  in  the  computed  Greenwich  time,  and  conse- 
quently in  the  longitude,  will  have  diiFerent  signs  for  the  two 
observations,  and  will  be  very  nearly  equal  numerically:  they  will 
therefore  be  nearly  eliminated  in  the  mean.  If,  moreover,  the 
distances  are  nearly  equal,  the  eccentricity  of  the  sextant  will 
have  nearly  the  same  efl:ect  upon  each  distance,  and  will  there- 
fore be  eliminated  at  the  same  time  with  the  index  error.  Since 
even  the  best  sextants  are  liable  to  an  error  of  eccentricity  of  as 
much  as  20",  according  to  the  confession  of  the  most  skilful 
makers,  and  this  error  is  not  readily  determined,  it  is  important 
to  eliminate  it  in  this  manner  whenever  practicable.  If  a  circle 
of  reflexion  is  employed  which  is  read  off  by  two  opposite 
verniers,  the  eccentricity  is  eliminated  from  each  observation ; 
but  even  with  such  an  instrument  the  same  method  of  observa- 
tion should  be  followed,  in  order  to  eliminate  other  constant 
errors. 

It  has  been  stated  by  some  writers  that  by  observing  distances 
of  stars  on  opposite  sides  of  the  moon  we  also  eliminate  a  con- 
stant error  of  observation^  such,  for  example,  as  arises  from  a 
faulty  habit  of  the  observer  in  making  the  contact  of  the  moon's 
limb  with  the  star.  This,  however,  is  a  mistake;  for  if  the 
habit  of  the  observer  is  to  make  the  contact  too  close^  that  is,  to 
bring  the  reflected  image  of  the  moon's  limb  somewhat  over 
the  star,  the  effect  will  be  to  increase  a  distance  on  one  side  of 
the  moon  while  it  diminishes  that  on  the  opposite  side,  and  the 
effect  upon  the  deduced  Greenwich  time  will  be  the  same  in 
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both  cases.     This  will  be  evident  from  the  following  diagram,* 

(Pig.  81).     Suppose  a  and  b 

^^'^^'  are    the    two    stars,   M  the 

moon's  limb.   If  the  observer 

t  {i  i  judges  a  contact  to  exist  when 

the  star  appears  within  the 
moon's  disc  as  at  c,  the  distance 
ac  is  too  small  and  the  distance 
be  too  great  But,  supposing  the  moon  to  be  moving  in  the  direc- 
tion from  a  to  6,  each  distance  will  give  too  early  a  Greenwich 
time,  for  each  will  give  the  time  when  the  moon's  limb  was 
actually  at  c. 

If,  however,  we  observe  the  sun  in  both  positions,  this  kind 
of  error,  if  really  constant,  will  be  eliminated ;  for,  the  moon's 
bright  limb  being  always  turned  towards  the  sun,  the  error  will 
increase  both  distances,  and  will  produce  errors  of  opposite  sign 
in  the  Greenwich  time.  Hence,  if  a  series  of  lunar  distances 
from  the  sun  has  been  observed,  it  will  be  advisable  to  form  twd 
distinct  means, — one,  of  all  the  results  obtained  from  increasing 
distances,  the  other,  of  all  those  obtained  from  decreasing  dis- 
tances :  the  mean  of  these  means  will  be  nearly  or  quite  free 
from  a  constant  error  of  observation,  and  also  from  constant  in- 
strumental errors. 

FINDING  THE   LONGITUDB   AT   SEA. 

257.  By  chronometers. — This  method  is  now  in  almost  universal 
use.  The  form  under  which  it  is  applied  at  sea  differs  very 
slightly  from  that  given  in  Art.  214.  The  correction  of  the 
chronometer  on  the  time  of  the  first  meridian  (that  of  Green- 
wich among  American  and  English  navigators)  is  found  at  any 
place  whose  longitude  is  known,  and  at  the  same  time  also  its 
daily  rate  is  to  be  established  with  all  possible  care.  The  rate 
being  duly  allowed  for  from  day  to  day  during  the  voyage,  the 
Greenwich  time  is  constantly  known,  and  therefore  at  any 
instant  when  the  local  time  is  obtained  by  observation,  the  lon- 
gitude of  the  ship  is  determined. 

The  local  time  on  shipboard  is  always  found  from  an  altitude 
of  some  celestial  object,  observed  with  the  sextant  from  the  sea 
horizon.  (Art.  156.)  The  computation  of  the  hour  angle  is 
then  made  by  (268),  and  the  resulting  local  time  is  compared 
directly  with  the  Greenwich  time  given  by  the  chronometer  at 
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the  instant  of  the  observation.  The  data  from  the  Ephemeris 
required  in  computing  the  local  time  are  taken  for  the  Greenwich 
time  given  by  the  chronometer. 

Example. — ^A  ship  being  about  to  sail  from  New  York,  the 
master  determined  the  correction  on  Greenwich  time  and  the 
rate  of  his  chronometer  by  observations  on  two  dates,  as  follows; 

1860  April  22,  at  Greenwich  noon,  chron.  correction  ==  +  3*  lO'.O 
«        «     30,  "  "         "  "  =  +  3    43 .6 

Eate  in  8  days    =       +  83  .6 
Daily  rate  =       +    4 .2 

On  May  18  following,  about  7*  80"  A.M.,  the  ship  being  in  lati- 
tude 41°  33'  N.,  three  altitudes  of  the  sun's  lower  limb  were 
observed  from  the  sea  horizon  as  below.  The  correction  of  the 
chronometer  on  that  day  is  found  from  the  correction  on  April  30 
by  adding  the  rate  for  18  days.  (It  will  not  usually  be  worth 
while  to  regard  the  fraction  of  a  day  in  computing  the  total  rate 
at  sea.)  The  record  of  the  observation  and  the  whole  computa- 
tion may  be  arranged  as  follows : 


I860  May  18.  ^—410  83' 

Chronometer                 9*  87"  21«. 

0290 

40' 10" 

Barom.  80.82". 

"  87   53. 

<i 

46    0 

Therm.  59«»  F. 

"  88   20. 

<t 

50  50 

Mean                       =    9  87   61.3 

Mean  =  29  45  40 

Correction               =  -f     4   59 .2 

Index  oorr.  =  — 

1  10 

Gr.  date  =  May  17,    21  42    50.6 

Dip              =  — 

4    2 

for  whioh  time  we  take  from  the 

29 

40  28 

Ephemeris  the  quantities 

Semid.         =  + 

15  60 

O's  6  =  190  88'  89" 

Refraction  =  — 

1  42 

Semidiameter       ==         15'  50" 

ParalUx      =  + 

8 

Equation  of  time  =  —    8"»  49».8 

A  =  29 

54  44 

^  =  41 

88    0 

sec  0.12588 

P=70 

21  21 

oosec  0.02604 

«  =70 

54  88 

cos  9.51464 

t  —  A  =  40 

59  49 

sin  9.81692 

Apparent  time      =    7*32"   6*.  3 
Eq.  of  time  =—    8   49.8 

Local  mean  time  =:  19  28   16 .5 
Gr.         "       "      =21  42   50.5 


9.48848 
sin  9.74174 


Longitude  =    2  14   84    =  83«>  88'.5  W. 

In  this  observation,  the  sun  was  near  the  prime  vertical,  a  posi- 
tion most  favorable  to  accuracy  (Art.  149). 
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The  method  by  equal  altitudes  may  also  be  used  for  finding 
the  time  at  sea  in  low  latitudes,  as  in  Arts.  168, 159. 

258.  In  order  that  the  longitude  thus  found  shall  be  worthy 
of  confidence,  the  greatest  care  must  be  bestowed  upon  the 
determination  of  the  rate.  As  a  single  chronometer  might 
deviate  very  greatly  without  being  distrusted  by  the  navigator, 
it  is  well  to  have  at  least  three  chronometers,  and  to  take  the 
mean  of  the  longitudes  which  they  severally  give  in  every  case. 

But,  whatever  care  may  have  been  taken  in  determining  the 
rate  on  shore,  the  sea  rate  will  generally  be  found  to  diiFer  from 
it  more  or  less,  as  the  instrument  is  affected  by  the  motion  of  the 
ship ;  and,  since  a  cause  which  accelerates  or  retards  one  chro« 
nometer  may  produce  the  same  effect  upon  the  others,  the  agree* 
ment  of  even  three  chronometers  is  not  an  absolutely  certain 
proof  of  their  correctness.  The  sea  rate  may  be  found  by 
determining  the  chronometer  correction  at  two  ports  whose 
difference  of  longitude  is  well  known,  although  the  absolute 
longitudes  of  both  ports  may  be  somewhat  uncertain.  For  this 
purpose,  a  "Table  of  Chronometric  Differences  of  Longitude"  is 
given  in  Rapbr's  Practice  of  Navigation,  the  use  of  which  is 
illustrated  in  the  following  example. 

Example. — At  St.  Helena,  May  2,  the  correction  of  a  chro- 
nometer on  the  local  time  was  —  0*  23"*  10*. 3.  At  the  Cape  of 
Good  Hope,  May  17,  the  correction  on  the  local  time  was 
+  1*  14"»  28*.6 ;  what  was  the  sea  rate  ? 

We  have 

Corr.  at  St.  Helena,  May  2d  =  --  0*  28~  lO'.S 

Chron.  diff.  of  long,  from  Eaper      =  +  1   36    46  . 
Corr.  for  Cape  of  G.  H.,  May  2d      =  +  1   13    34  .7 
«  «  «         "    17th  =4-1   14    28 .6 

Rate  in  16  days  =  +    63  .9 

Daily  sea  rate     =  +      8 .59 

259.  By  lunar  distances. — Chronometers,  however  perfectly 
made,  are  liable  to  derangement,  and  cannot  be  implicitly  relied 
upon  in  a  long  voyage.  The  method  of  lunar  distances  (Arts. 
247-256)  is,  therefore,  employed  as  an  occasional  check  upon  the 
chronometers  even  where  the  latter  are  used  for  finding  the 
longitude  from  day  to  day.    When  there  is  no  chronometer  on 
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board,  the  method  of  lunar  distances  is  the  only  regularly  avail- 
able method  for  finding  the  longitude  at  sea,  at  once  sujBS.cientlj 
accurate  and  sufficiently  simple. 

As  a  check  upon  the  chronometer,  the  result  of  a  lunar  distance 
is  used  as  in  Art  253. 

In  long  voyages  an  assiduous  observer  may  determine  the  sea 
rates  of  his  chronometers  with  considerable  precision.  For  this 
purpose,  it  is  expedient  to  combine  observations  taken  at  various 
times  during  a  lunation  in  such  a  manner  as  to  eliminate  as  far 
as  possible  constant  errors  of  the  sextant  and  of  the  observer  (Art. 
256).  Suppose  distances  of  the  sun  are  employed  exclusively. 
Let  two  chronometer  corrections  be  found  from  two  nearly  equal 
distances  measured  on  opposite  sides  of  the  sun  on  two  different 
dates,  in  the  first  and  second  half  of  the  lunation  respectively. 
The  mean  of  these  corrections  will  be  the  correction  for  the 
mean  date,  very  nearly  free  from  constant  instrumental  and 
personal  errors.  In  like  manner,  any  number  of  pairs  of  equal, 
or  nearly  equal,  distances  may  be  combined,  and  a  mean  chro- 
nometer correction  determined  for  a  mean  date  frorii  all  the 
observations  of  the  lunation.  The  sea  rate  will  be  found  by 
comparing  two  corrections  thus  determined  in  two  different 
lunations.  This  method  has  been  successfully  applied  in  voyages 
between  England  and  India. 

260.  By  the  eclipses  of  Jupiter's  satellites. — ^An  observed  eclipse 
of  one  of  Jupiter's  satellites  furnishes  immediately  the  Green- 
wich time  without  any  computation  (Art.  225.)  But  the  eclipse 
is  not  sufficiently  instantaneous  to  give  great  accuracy ;  for,  with 
the  ordinary  spy-glass  with  which  the  eclipse  may  be  observed 
on  board  ship,  the  time  of  the  disappearance  of  the  satellite  may 
precede  the  true  time  of  total  eclipse  by  even  a  whole  minute. 
The  time  of  disappearance  will  also  vary  with  the  clearness  of 
the  atmosphere.  Since,  however,  the  same  causes  which  accele-- 
rate  the  disappearance  will  retard  the  reappearance,  if  both 
phenomena  are  observed  on  the  same  evening  under  nearly  the 
same  atmospheric  conditions,  the  mean  of  the  two  resulting 
longitudes  will  be  nearly  correct.  Still,  the  method  has  not  the 
advantage  possessed  by  lunar  distances  of  being  almost  always 
available  at  times  suited  to  the  convenience  of  the  navigator. 

261.  By  the  moon's  altitude. — This  method,  as  given  in  Art.  243, 
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may  be  used  at  sea  in  low  latitudes ;  but,  on  account  of  the 
unavoidable  inaccuracy  of  an  altitude  observed  A*om  the  sea 
horizon,  it  is  even  less  accurate  than  the  method  of  the  preceding 
article,  an(i  always  far  inferior  to  the  method  of  lunar  distances, 
although  on  shore  it  is  one  which  admits  of  a  high  degree  of 
precision  when  carried  out  as  in  Art.  245. 

262.  By  occtUtations  of  stars  by  the  moan. — This  method,  which 
will  be  treated  of  in  the  chapter  on  eclipses,  may  be  successfully 
used  at  sea,  as  the  disappearance  of  a  star  behind  the  moon's 
limb  may  be  observed  with  a  common  spy-glass  at  sea  with 
nearly  as  great  a  degree  of  precision  as  on  shore ;  but,  on  account 
of  the  length  of  the  preliminary  computations  as  well  as  of  the 
subsequent  reduction  of  the  observation,  it  is  seldom  that  a 
navigator  would  think  of  resorting  to  it  as  a  substitute  for  the 
convenient  method  of  lunar  distances. 


CHAPTER    VIII. 

FDTDING  A  ship's  PLAGE  AT  SEA  BY  CIRCLES  OF  POSITION. 

263.  In  the  preceding  two  chapters  we  have  treated  of 
methods  of  finding  the  position  of  a  point  on  the  earth's  surface 
by  tho  two  co-ordinates  latitude  and  longitude ;  and  therefore  in  all 
these  methods  the  required  position  is  determined  by  the  inter* 
section  of  two  circles,  one  a  parallel  of  latitude  and  the  other  a 
meridian.  In  the  following  method  it  is  determined  by  circles 
oblique  to  the  parallels  of  latitude  and  the  meridians.  The  prin- 
ciple which  underlies  the  method  has  often  been  applied ;  but  its 
value  as  a  practical  nautical  method  was  first  clearly  shown  by 
Capt.  Thomas  H.  Sumner.* 

Let  an  altitude  of  the  sun  (or  any  other  object)  be  observed 
at  any  time^  the  time  being  noted  by  a  chronometer  regulated  to 
Greenwich  time.     Suppose  that  at  this  Greenwich  time  the  sun 

*  A  new  and  accurate  fnethod  of  fintUng  a  ehip*t  position  at  eea  hy  prqfeetion  on  Meret^ 
tdr*9  chart:  bjr  Capt.  Thomas  H.  Sumkbb.  Boston,  1848. 
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is  vertical  to  an  observer  at  the  point  M  of  the  globe  (Fig  82), 
Let  a  small  circle  AA^A^'  be  described  on 
the  globe  from  JIf  as  a  pole,  with  a  polar  dis-  ^*«-  ^^' 

tance  MA  equal  to  the  zenith  distance,  or 
complement  of  the  observed  altitude,  of  the 
sun.  It  is  evident  that  at  all  places  within 
this  circle  an  observer  would  at  the  given 
time  observe  a  smaller  zenith  distance,  and 
at  all  places  without  this  circle  a  greater 
zenith  distance;  and  therefore  the  observa- 
tion fully  determines  the  observer  to  be  on 
the  circumference  of  the  small  circle  AA'A^'.  If,  then,  the 
navigator  can  project  this  small  circle  upon  an  artificial  globe  or 
a  chart,  the  knowledge  that  he  is  upon  this  circle  wiU  be  just  as  vahuMe 
to  him  in  enabling  him  to  avoid  dangers  as  the  knowledge  of  either  his 
latitude  abne  or  his  longitude  alone;  since  one  of  the  latter  elements 
only  determines  a  point  to  be  in  a  certain  circle,  without  fixing 
upon  any  particular  point  of  that  circle. 

The  small  circle  of  the  glooe  described  from  the  projection  oi 
the  celestial  object  as  a  pole  we  shall  call  a  circle  of  position. 

264.  To  find  the  place  on  the  globe  at  which  the  sun  is  vertical  {or  the 
sun's  projection  on  the  globe)  at  a  given  Greenwich  time. — The  sun's 
hour  angle  from  the  Greenwich  meridian  is  the  Greenwich 
apparent  time.  The  diurnal  motion  of  the  earth  brings  the  sun 
into  the  zenith  of  all  the  places  whose  latitude  is  just  equal  to 
the  sun's  decUnation.  Hence  the  required  projection  of  the 
Biln  is  a  place  whose  longitude  (reckoned  westward  from  Green- 
wich from  0*  to  24*)  is  equal  to  the  Greenwich  apparent  time, 
and  whose  latitude  is  equal  to  the  sun's  declination  at  that  time. 

265.  From  an  altitude  of  the  sun  taken  at  a  given  Greenwich  ttme^ 
to  find  the  circle  of  position  of  the  observer^  by  projection  on  an  artificial 
globe. — ^Find  the  Greenwich  apparent  time  and  the  sun's  declina- 
tion, and  put  down  on  the  globe  the  sun's  projection  by  the 
preceding  article.  Prom  this  point  as  a  pole,  describe  a  small 
circle  with  a  circular  radius  equal  to  the  true  zenith  distance 
deduced  from  the  observation.  This  will  be  the  required  circle 
of  position. 

266.  The  preceding  problem  may  be  extended  to  any  celestial 
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object.  The  pole  of  the  circle  of  position  will  always  be  the 
place  whose  west  longitude  is  the  Greenwich  hour  angle  of  the 
object  (reckoned  from  0*  to  24*)  and  whose  latitude  is  the  decli- 
nation of  the  object     The  hour  angle  is  found  by  Art  64. 

267.  To  find  both  the  latitude  and  the  longitude  of  a  ship  by  circles  of 
position  projected  on  an  artificial  globe. — First.  Take  the  altitudes 
of  two  different  objects  at  the  same  time  by  the  Greenwich 
chronometer.  Put  down  on  the  globe,  by  the  preceding  problem, 
their  two  circles  of  position.  The  observer,  being  in  the  circum- 
ference of  each  of  these  circles,  must  be  at  one  of  their  two  points 
of  intersection ;  which  of  the  two,  he  can  generally  determine 
from  an  approximate  knowledge  of  his  position. 

Second.  Let  the  same  object  be  observed  at  two  different  times, 
and  project  a  circle  of  position  for  each.  Their  intersection 
gives  the  position  of  the  ship  as  before.  K  between  the  observar 
tions  the  ship  has  moved,  the  first  altitude  must  be  reduced  to 
the  second  place  of  observation  by  applying  the  correction  of 
Art.  209,  formula  (380).  The  projection  then  gives  the  ship's 
position  at  the  second  observation. 

268.  From  an  altitude  of  a  celestial  body  taken  at  a  given  Greenwich 
time  J  to  find  the  circle  of  position  of  the  observer,  by  projection  on  a 
Mercaior  chart. — The  scale  upon  which  the  largest  artificial  globes 
are  constructed  is  much  smaller  than  that  of  the  working  charts 
used  by  navigators.    But  on  the  Mercator  chart   a   circle  of 

position  will  be  distorted,  and  can  only 
Fig.  33.      ^  be  laid  down  by  points.     Let  i,  i',  i" 

(Fig.  33)  be  any  parallels  of  latitude 
crossed  by  the  required  circle.  For  each 
of  these  latitudes,  with  the  true  altitude 
found  from  the  observation  and  the  polar 
distance  of  the  celestial  body  taken  fop 
the  Greenwich  time,  compute  the  local 
time,  and  hence  the  longitude,  "  by  chro> 
nometer*'  (Art.  257).  Let  ly  l\  V  be  the 
longitudes  thus  found.  Let  -4,  -4',  -4"  be  the  points  whose 
latitudes  and  longitudes  are,  respectively,  i,  I;  L\  V ;  i",  V ; 
these  are  evidently  points  of  the  required  circle.  The  ship  is 
consequently  in  the  curve  AA'A"^  traced  through  these 
points. 
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In  practice  it  is  generally  sufficient  to  lay  down  only  two 
points ;  for,  the  approximate  position  of  the  ship  being  known, 
if  L  and  U  are  two  latitudes  between  which  the  ship  may  bo 
assumed  to  be,  her  position  is  known  to  be  on  the  curve  AA' 
somewhere  between  A  and  A',  When  the  difterence  between 
L  and  L'  is  small,  the  arc  AA'  will  appear  on  the  chart  as  a 
straight  line. 

269.  To  find  the  latitude  and  lonffitude  of  a  ship  by  circles  of  position 
projected  on  a  Mercator  chart — First  Let  the  altitudes  of  two 
objects  be  taken  at  the  same  time.  Assume  two  latitudes  em- 
bracing between  them  the  ship's  probable  position,  and  find  two 
points  of  each  of  their  two  circles  of  position  by  the  preceding 
problem,  and  project  these  points  on  the  chart.  Each  pair  of 
points  being  joined  by  a  straight  line, 
the  intersection   of  the  two  lines   is  b'       ***  a' 

very  nearly  the  ship's  position.     Thus, 
if  one  object  gives  the  points  A,  A' 

(Fig.    34)   corresponding  to   the   lati-    

tudes  i,  i',  and  the  other  object  the 

points  5,  B'  corresponding  to  the  same  latitudes,  the   ship's 

position  is  the  point  (7,  the  intersection  of  AA'  and  BB', 

It  is,  of  course,  not  essential  that  the  same  latitudes  should  be 
used  in  computing  the  points  of  the  two  circles ;  but  it  is  more 
convenient,  and  saves  some  logarithms. 

If  greater  accuracy  is  desired,  the  circles  may  be  more  fully 
laid  down  by  three  or  more  points  of  each. 

Second. — The  altitude  of  the  same  object  may  be  taken  at  two 
different  times,  and  the  circles  laid  down  as  before ;  the  usual 
reduction  of  the  first  altitude  being  applied  when  the  ship  changes 
her  position  between  the  observations. 

It  is  evident  from  the  nature  of  the  above  projection  that  the 
most  favorable  case  for  the  accurate  determination  of  the  inter- 
section C  is  that  in  which  the  circles  of  position  intersect  at  right 
angles.  Hence  the  two  objects  observed,  or  the  two  positions 
of  the  same  object,  should,  if  possible,  differ  about  90°  in  azimuth. 
This  agrees  with  the  results  of  the  analytical  discussion  of  the 
method  of  finding  the  latitude  by  two  altitudes,  Art.  183. 

If  the  chronometer  does  not  give  the  true  Greenwich  time,  the 
only  effect  of  the  error  will  be  to  shift  the  point  C  towards  the 
east  or  the  west,  without  changing  its  latitude,  unless  the  error  is 
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80  great  as  to  affect  sensibly  the  declination  which  is  taken  from 
the  Ephemeris  for  the  time  given  by  the  chronometer.  This  method 
is,  therefore,  a  convenient  substitute  for  the  usual  method  of  find- 
ing the  latitude  at  sea  by  two  altitudes,  a  projection  on  the  sailing 
chart  being  always  sufficient  for  the  purjioses  of  the  navigator. 

Instead  of  reducing  the  first  altitude  for  the  change  of  the  ship's 
position  between  the  observations,  we  may  put  down  the  circle 
of  position  for  each  observation  and  afterwards  shift  one  of  them 

by  a  quantity  due  to  the  ship's  run. 
Thus,  let  the  first  observation  give  the 
position  line  AA'  (Fig.  36),  and  let  Aa 
represent,  in  direction  and  length,  the 
ship's  course  and  distance  sailed  be- 
tween the  observations.  Draw  aa* 
parallel  to  AA'.  Then,  BB'  being  the  position  line  by  the 
second  observation,  its  intersection  C  with  ojo!  is  the  required 
position  of  the  ship  at  the  second  observation. 

270.  If  the  latitude  is  desired  by  computation,  independently 
of  the  projection,  it  is  readily  found  as  follows.    Let 

2p  l^  =  the  longitudes  (of  A  and  B)  found  from  the  first  and 
second  altitudes  respectively  with  the  latitude  Zr, 

!/,  l^'  =  the  longitudes  (of  A'  and  B')  found  from  the  same 
altitudes  with  the  latitude  L'^ 
X^  =  the  latitude  of  C. 

From  Fig.  34  we  have,  by  the  similarity  of  the  triangles  ABC 
t^dA'B'Cy 

V— ;/•  k—U=B'Ci  BO 
whence 

This  formula  reduces  Sumner's  method  of  "  double  altitudes" 
to  that  given  long  ago  by  Lalandb  {Astronomie^  Art.  89P2,  and 
Abrigi  de  NavigcUion^  p.  68).  The  distinctive  feature  of  Sumner's 
process,  however,  is  that  a  single  altitude  taken  at  any  time  is 
made  available  for  determining  a  line  of  the  globe  on  which  the 
ship  is  situated. 
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271.  To  find  the  azimuth  of  the  sun  hy  a  position  line  projected  on 
the  chart — Let  AA'  (Fig.  86)  be  a  position  line  on 
the  chart,  derived  from  an  observed  altitude  by  ^% 

Art.  268.    At  any  point  Cof  this  line  draw  CM  ^' 

perpendicular  to  AA\  and  let  NCS  be  the  meri- 
dian passing  through  C;  then  SCM  is  evidently 
the  sun's  azimuth.  The  line  CM  is,  of  course, 
drawn  on  that  side  of  the  meridian  NS  upon 
which  the  sun  was  known  to  be  at  the  time  of 
the  observation.  ^ 

The  solution  is  but  approximate,  since  AA'  should  be  a  curve 
line,  and  the  azimuth  of  the  normal  CM  would  be  different  for 
different  points  of  AA'.  It  is,  however,  quite  accurate  enough 
for  the  purpose  of  determining  the  variation  of  the  compass  at 
sea,  which  is  the  only  practical  application  of  this  problem. 


CHAPTER  IX. 

THE  MERIDIAN  UNE  AND  VARIATION   OP  THE  COMPASS. 

272.  The  meridian  line  is  the  intersection  of  the  plane  of  the 
meridian  with  the  plane  of  the  horizon.  Some  of  the  most  use- 
ful methods  of  finding  the  direction  of  this  line  will  here  be 
briefly  treated  of;  but  the  full  discussion  of  the  subject  belongs 
to  geodesy. 

273.  By  the  meridian  passage  of  a  star, — ^If  the  precise  instant 
when  a  star  arrives  at  its  greatest  altitude  could  be  accurately 
distmguished,  the  direction  of  the  star  at  that  instant,  referred 
to  the  horizon,  would  give  the  direction  of  the  meridian  line ;  but 
the  altitude  varies  so  slowly  near  the  meridian  that  this  method 
only  serves  to  give  a  first  approximation. 

274.  By  shadows, — ^A  good  approximation  may  be  made  as 
follows.  Plant  a  stake  upon  a  level  piece  of  ground,  and  give  it 
a  vertical  position  by  means  of  a  plumb  line.    Describe  one  or 
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more  concentric  circles  on  the  ground  from  the  foot  of  the  stake 
as  a  centre.  At  the  two  instants  before  and  after  noon  when  the 
shadow  of  the  stake  extends  to  the  same  circle,  the  azimuths  of 
the  shadow  east  and  west  are  equal.  The  points  of  the  circle  at 
which  the  shadow  terminates  at  these  instants  being  marked,  let 
the  included  arc  be  bisected ;  the  point  of  bisection  and  the  centre 
of  the  stake  then  determine  the  meridian  line.  Theoretically,  a 
small  correction  should  be  made  for  the  sun's  change  of  declina- 
tion, but  it  would  be  quite  superfluous  in  this  method. 

275.  By  single  aliitudes. — ^With  an  altitude  and  azimuth  instru- 
ment, observe  the  altitude  of  a  star  at  the  instant  of  its  passage 
over  the  middle  vertical  thread  (at  any  time),  and  read  the 
horizontal  circle.  Correct  the  observed  altitude  for  refraction. 
Then,  if 

h  =  the  true  altitude, 

q>  =  the  latitude  of  the  place  of  observation, 

p  =  the  star's  polar  distance, 

^  =  the  star's  azimuth, 

A'  =  the  reading  of  the  horizontal  circle, 

we  have,  from  the  triangle  formed  by  the  zenith,  the  pole,  and 
the  star, 

tan.  M  =  «'°('-y)"°(«-A)  (468) 

cos  S  cos  (5  —  p) 

in  which 

In  this  formula  the  latitude  may  be  taken  with  the  positive  sign, 
whether  north  or  south,  and  p  is  then  to  be  reckoned  from  the 
elevated  pole ;  consequently,  also,  A  will  be  the  azimuth  reckoned 
from  the  elevated  pole. 

It  is  evident  that  in  order  to  bring  the  telescope  into  the  plane 
of  the  meridian  we  have  only  to  revolve  the  instrument  through 
the  angle  -4,  and  therefore  either  A'  +  Aor  A'  —  J.,  according 
to  the  direction  of  the  graduations  of  the  circle,  will  be  the 
reading  of  the  horizontal  circle  when  the  telescope  is  in  the 
meridian. 

The  same  method  can  be  followed  when  the  azimuth  is  ob- 
served with  a  compass  and  the  altitude  is  measured  with  a  sex- 
tant ;  and  then  ji'  — A  is  the  variatian  of  the  compass. 
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276.  Prom  the  first  equation  of  (50),  tp  and  i  being  constant, 
we  have 

COS  A  tan  jT 

and  therefore  an  error  in  the  observed  altitude  will  have  the 
least  effect  upon  the  computed  azimuth  when  tan  g  is  a  maxi- 
mum ;  that  is,  when  the  star  is  on  the  prime  vertical.  There- 
fore, in  the  practice  of  the  preceding  method  the  star  should  be 
as  far  from  the  meridian  as  possible. 

277.  By  equal  altitudes  of  a  star. — Observe  the  azimuth  of  a  star 
with  an  altitude  and  azimuth  instrument,  or  a  compass,  when  at 
the  same  altitude  east  and  west  of  the  meridian.  The  mean  of 
the  two  readings  of  the  instrument  is  the  reading  when  its 
sight  line  is  in  the  direction  of  the  meridian.  This  is  the 
method  of  Article  274,  rendered  accurate  by  the  introduction 
of  proper  instruments  for  observing  both  the  altitude  and  the 
azimuth. 

278.  K  equal  altitudes  of  the  sun  are  employed,  a  correction 
for  the  change  of  the  sun's  declination  is  necessary,  since  equal 
azimuths  will  no  longer  correspond  to  equal  altitudes.     Let 

A'  =  the  east  azimntb  at  the  first  observation, 
J.  =    <*    west       "  "       second      " 

S  =  the  declination  at  noon, 
Ad  =r=  the  increase  of  declination  from  the  first  to  the  second 
observation, 

then,  by  (1)^  we  have,  h  being  the  altitude  in  each  case, 

sin  (^  —  }  A^)  =  sin  ^  sin  ^  —  cos  f>  cos  h  cos  A' 
sin  (5  +  J  ^^)  =  si*^  s^  sin  A  —  cos  f>  cos  h  cos  A 

the  difference  of  which  gives 

2  OOB  ^  sin  }  A^  =  2  cos  f  cos  h  sin  i(A  +  A')  sin  }  (A  — A') 

whence,  since  ^d  is  but  a  few  minutes,  we  have,  with  sufficient 
accuracy, 

A-~.A'=        '""^'  (469; 

cos  f>  COS  A  sin  ^ 
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It  will  be  necessary  to  note  the  times  of  the  two  observations 
in  order  to  find  ^d.  If  we  take  half  the  elapsed  time  as  the 
hour  angle  t  of  the  western  observation,  we  shall  have,  instead 
of  (469),  the  more  convenient  formula 

A^A'  = — —  (470) 

cos  f  sin  t 

It  will  not  be  necessary  to  know  the  exact  value  of  A,  if  only 
the  same  instrumental  altitude  is  employed  at  both  observations. 

Now  let  J./  and  A^  be  the  readings  of  the  horizontal  circle  at 

the  two  observations,  then  the  readings  corresponding  to  equal 

azim.uths  are 

ii/and^,— (A  — iiO 

and,  consequently,  the  reading  for  the  meridian  is  the  mean  of 
these,  or 

That  is,  the  reading  for  the  meridian  is  the  mean  of  the  ob- 
served readings  diminished  by  one-half  the  correction  (470). 
We  here  suppose  the  graduations  to  proceed  from  0°  to  860®, 
and  from  left  to  right. 

279.  By  the  angular  distance  of  the  sun  from  any  terrestrial  object — 
If  the  true  azimuth  of  any  object  in  view  is  known,  the  direction 
of  the  meridian  is,  of  course,  known  also.  The  following  method 
can  be  carried  out  with  the  sextant  alone.  Measure  the  angular 
distance  of  the  sun's  limb  from  any  well-defined  point  of  a 
distant  terrestrial  object,  and  note  the  time  by  a  chronometer. 
Measure  also  the  angular  height  of  the  terrestrial  point  above 
the  horizontal  plane.  The  correction  of  the  chronometer  being 
known,  deduce  the  local  apparent  time,  or  the  sun's  hour  angle  i 
(Art.  54),  and  then  with  the  sun's  declination  d  and  the  latitude  p 
compute  the  true  altitude  h  and  azimuth  A  of  the  sun  by  the 
formulflB  (16),  or 

^-     tana     .        .      tanfcosJf     .      ,  ..        ,-.         j /^»^,v 

tanilf= ,   tanii= ,    tan  A  =  cot  (^p  —  jM)cosil(471) 

cos  t  sin  (^  —  M) 

Now,  let  0,  Fig.  87,  be  the  apparent  position  of  the  terrestrial 
point,  projected  upon  the  celestial  sphere;  Sthe  apparent  place 
of  the  sun,  Z  the  zenith,  P  the  pole ;  and  put 
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2>  =  the  apparent  angular  distance  of  the  ^g-  37. 

sun's  centre  from  the  terrestrial  point 
=  the  observed  distance  increased  by 

the  san's  semidiameter, 
H=^  the  apparent  altitude  of  the  point, 
.V  :=  the  sun's  apparent  altitude, 
a  =  the  difference  of  the  azimuth  of  the 

sun  and  the  point, 
A'  =  the  azimuth  of  the  point. 

The  apparent  altitude  A'  will  be  deduced  from  the  true  altitudes 

by  adding  the  refraction  and  subtracting  the  parallax.     Then  in 

the  triangle  SZO  we  have  given  the  three  sides  ZS  =  90®  —  A', 

ZO  =  90®  —  H,  SO  =  Z>,  and  hence  the  angle  SZO  =  a  can  be 

found  by  the  formula 

sin  (s  —  H)  sin  (s  —  h!) 


tan'  \  a 


in  which 
Then  we  have 


cos  8  cos  {8  —  D) 
A'  =  A  ±a 


(472) 


(473) 


and  the  proper  sign  of  a  to  be  used  in  this  equation  must  be 
determined  by  the  position  of  the  sun  with  respect  to  the  object 
at  the  time  of  the  observation. 

K  the  altitude  of  the  sun  is  observed,  we  can  dispense  with 
the  computation  of  (471),  and  compute  A  by  the  formula  (468). 
The  chronometer  will  not  then  be  required,  but  an  approximate 
knowledge  of  the  local  time  and  the  longitude  is  necessary  in 
order  to  find  d  from  the  Ephemeris. 

K  the  terrestrial  object  is  very  remote,  it  will  often  suffice  to 

regard  its  altitude  as  zero,  and  then  we  shall  find  that  (472) 

reduces  to 

tan  i  a  =  i/[tan  J  (D  +  A')  tan  }  (-Z>  —  A')]  (474) 

This  method  is  frequently  used  in  hydrographic  surveying  to 
determine  the  meridian  line  of  the  chart 

ExAMPiiE. — ^From  a  certain  point  5  in  a  survey  the  azimuth 
of  a  point  O  is  required  from  the  following  observation : 


Chronometer  time  =•  4*  12»*  12» 
Ghronom.  oorreotiom  =  —  2  0 
Local  mean  time 
Equation  of  time 
Local  app.  time, 
Vol.  L— 28 


=  4  10    12 
=  —4    10.9 

<  =4    6      1.1 


Altitude  of  C  =  5^=  O**  80'  2Xy 
Distance  of  the  nearest  limb  of  the 
sun  from  the  point  C  =  48*»  17'  10" 
Semidiameter  :=        16    1 

2)  =  48    38  11 
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The  Bun's  declination  was  d  =  +  i°  16'  55",  the  latitude  was 
y  r-=  +  88°  58'  50" ;  and  hence,  by  (471),  we  find 

A  =  74«  36'  36"  h  =  24«  37'  58" 

Eefraction  and  parallax  =  1  54 

A'  =  24    39  52 
and,  by  (472), 

a  =  43«  35'  6" 

iTow,  the  Bun  was  on  the  right  of  the  object,  and  hence 


i" 


^'=:^_a  =  81«l'30' 

Therefore,  a  line  drawn  on  the  chart  from  B  on  the  left  of  the 
line  BC^  making  with  it  the  angle  81®  1'  30",  will  represent  the 
meridian. 

280.  By  two  measures  of  the  distance  of  the  sun  from  a  terrestrial 
object. — In  the  practice  of  the  preceding'method  with  the  sextant, 
it  is  not  always  practicable  to  measure  the  apparent  altitude  of 
the  terrestrial  object.  We  may  then  measure  the  distance  of 
the  sun  from  the  object  at  two  different  times,  and,  first  com- 
puting the  altitude  and  azimuth  of  the  sun  at  each  observation, 
we  may  from  these  data  compute  the  altitude  of  the  object  and 
the  difference  between  its  azimuth  and  that  of  the  sun  at  either 
observation,  by  formulsB  entirely  analogous  to  those  employed 
in  computing  the  latitude  and  time  from  two  altitudes,  Art.  178, 
(304),  (305),  (306),  and  (307). 

281.  By  the  azimuth  of  a  star  at  a  given  time. — ^When  the  time  is 
known,  the  azimuth  of  the  star  is  found  by  (471):  hence  we 
have  only  to  direct  the  telescope  of  an  altitude  and  azimuth 
instrument  to  the  star  at  any  time,  and  then  compare  the  read- 
ing of  its  horizontal  circle  with  the  computed  azimuth. 

This  method  will  be  very  accurate  if  a  star  near  the  pole  is 
employed,  since  in  that  case  an  error  in  the  time  will  produce  a 
comparatively  small  error  in  the  azimuth.  It  will  be  most  accu- 
rate if  the  star  is  observed  at  its  greatest  elongation,  as  in  tha 
following  article. 

282.  By  the  greatest  elongation  of  a  circumpolar  star. — ^At  the 
instant  of  the  greatest  elongation  we  have,  by  Art  18, 

.      .       cos  d 

Bin  A  =  

cos  $9 
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in  which  A  is  the  azimuth  reckoned  from  the  elevated  pole.  At 
this  instant  the  star's  azimuth  reaches  its  maximum,  and  for  & 
certain  small  interval  of  time  appears  to  be  stationary,  so  that 
the  observer  has  time  to  set  his  instrument  accurately  upon  tha 
star. 

In  order  to  be  prepared  for  the  observation,  the  time  of  the 
elongation  must  be  (at  least  approximately)  known.  The  hour 
angle  of  the  star  is  found  by  the  formula 

tan  ^ 

cos  t  = ^ 

tan  d 

and  from  t  and  the  star's  right  ascension  the  local  time  is  found, 
Art.  65. 

The  pole  star  is  preferred,  on  account  of  its  extremely  slow 
motion. 

If  the  latitude  is  unknown,  the  direction  of  the  meridian  may 
nevertheless  be  obtained  by  observing  the  star  at  both  its  eastern 
and  its  western  greatest  elongations.  The  mean  of  the  readings 
of  the  horizontal  circle  at  the  two  observations  is  the  reading  for 
the  meridian. 

283.  One  of  the  most  refined  methods  of  determining  the 
direction  of  the  meridian  is  that  by  which  the  transit  instrument 
is  adjusted,  or  by  which  its  deviation  from  the  plane  of  the 
meridian  is  measured ;  for  which  see  Vol.  11. 

284.  At  sea,  the  direction  of  the  meridian,  or  the  variation  of 
the  compass,  is  found  with  sufficient  accuracy  by  the  graphic 
process  of  Art.  271, 
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CHAPTER  X. 

ECLIPSES. 

285.  The  term  eclipse^  in  astronomy,  may  be  applied  to  any 
obscuration,  total  or  partial,  of  the  light  of  one  celestial  body  by 
another.  But  the  term  solar  eclipse  is  usually  confined  to  an 
eclipse  of  the  sun  by  the  moon;  while  an  eclipse  of  the  sun  by 
one  of  the  inferior  planets  is  called  a  transit  of  the  planet.  An 
eclipse  of  a  star  or  a  planet  by  the  moon  is  called  an  occidtadon 
of  the  star  or  planet.  A  lunar  eclipse  is  an  eclipse  of  the  moon 
by  the  earth. 

All  these  phenomena  may  be  computed  upon  the  same  genon! 
principles ;  and  the  investigation  of  solar  eclipses,  with  which  vts 
shall  set  out,  will  involve  nearly  every  thing  required  in  tiie 
other  cases. 

SOLAS  E0LIF8E8. 
PBEDICTION   OF  SOLAR  ECLIPSES  FOB  THE  EAETH  QBKERALLT. 

286.  For  the  purposes  of  general  prediction,  and  before  enter^ 
ing  upon  any  precise  computation,  it  is  convenient  to  know  the 
limits  which  determine  the  possibility  of  the  occurrence  of  an 
eclipse  for  any  part  of  the  earth.  These  limits  are  determined 
in  the  following  problem. 

287.  To  find  whether  near  a  given  conjunction  of  the  sun  and  moon^ 
an  eclipse  of  the  sun  will  occur. — ^In  order  that  an  eclipse  may  occur, 

J,,    jg  the  moon  must  be  near  the  ecliptic,  and, 

therefore,  near  one  of  the  nodes  of  her 
orbit.  Let  NS  (Fig.  88)  be  the  ecliptic,  JV 
the  moon's  node,  NM  the  moon's  orbit,  S 
,  ^  and  M  the  centres  of  the  sun  and  moon  at 
the  time  of  conjunction  in  longitude,  so 
that  MS  is  a  part  of  a  circle  of  latitude  and  is  perpendicular  to 
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NS.  Let  S\  M'y  be  the  centres  of  the  sun  and  moon  when  at 
their  least  true  distance^  and  put 

p  =  the  moon's  latitade  at  conjunction  =  SMy 

T=  the  inclination  of  the  moon's  orbit  to  the  ecliptic^ 

X  =  the  quotient  of  the  moon's  motion  in  longitude  divided 

by  the  sun's, 
^=  the  least  true  distance  =  S'M', 
r  =  the  angle  SM8'. 

We  may  regard  NMS  as  a  plane  triangle ;  and,  drawing  M'P 
perpendicular  to  NS,  we  find 

and  hence 

8'P  =  ,9 (A  —  1)  tan  r  M'P=  ^  —  A^ tan  ^ tan  7 

J?«=  /9» [(i  —  1)« tan'r  +  (1  —  '^  tan  Jtan  r)*] 

To  find  the  value  of  y  for  which  this  expression  becomes  a  mini- 
mum, we  put  its  derivative  taken  relatively  to  y  equal  to  zerc^ 
whence 

X  tan  I 

tanr= 

(;i_l)« +  ^»tan«I 

which  substituted  in  the  value  of  2**  reduces  it  to 

(A  — l)«+>l*tan*I 
K  then  we  assume  I'  such  that 

tanr=— ^tanJ  (475) 

we  have  for  the  least  true  distance 

r=/9cosr  (476) 

The  apparent  distance  of  the  centres  of  the  sun  and  moon  as 
seen  from  the  surface  of  the  earth  may  be  less  than  2*  by  the 
diiSerence  of  the  horizontal  parallaxes  of  the  two  bodies :  so  that 
if  we  put 

ir  =  the  moon's  horizontal  parallax, 
7r'==  the  sun's  "  « 
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we  have 
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minimnm  apparent  distance  =  £  —  (n  — ir') 


An  eclipse  will  occur  when  this  least  apparent  distance  of  the 
centres  is  less  than  the  sum  of  the  seniidiameters  of  the  bodies; 
and  therefore,  putting 

8  =  the  moon's  semidiameter; 
sf=  the  sun's  " 

we  shall  have,  in  case  of  eclipse, 

2:  —  (tT  —  7f')<«4-3' 


or 


i9cos7'<7r  — Tf'  +  a  +  fi' 


(477) 


This  formula  gives  the  required  limit  with  great  precision ; 
but,  since  i'  is  small,  its  cosine  does  not  vary  much  for  different 
eclipses,  and  we  may  in  most  cases  employ  its  mean  value.  We 
have,  by  observation. 


Oreatest  values. 

Leaat  values. 

Mean  values. 

I 

5°  20'    6" 

40  67'  22" 

6»    8' 44" 

■K 

61'  82" 

52'  50" 

57'  11" 

^ 

9 

8 

8.5 

s 

16  46 

14  24 

15  85 

«* 

16  18 

15  45 

16    1 

I 

16.19 

10.89 

18.5 

From  the  mean  values  of  I  and  X  we  find  the  mean  value  of 
sec  /'  =  1.00472,  and  the  condition  (477)  becomes 


or 


^<(7r  — ir'+s  +  OX  1.00472 
P^jt--it^+S  +  8'  +  (n^'n'+8+8r)X  -00472 


where  the  small  fractional  term  varies  between  20"  and  80". 
Taking  its  mean  value,  we  have,  with  sufficient  precision  for  all 
but  very  unusual  cases. 


fi^^^T,'^s  +  s'+  25" 


(478) 
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If  in  this  formula  we  substitute  the  greatest  values  of  r,  5, 
and  s\  and  the  least  value  of  ;r',  the  limit 

i5  <  1«  34'  53" 

is  the  greatest  limit  of  the  moon's  latitude  at  the  time  of  con- 
junction, for  which  an  eclipse  can  occur. 

If  in  (478)  we  substitute  the  least  values  of  ;r,  5,  and  5',  and 
the  greatest  value  of  ;r',  the  limit 

/9  <  1«  23'  15" 

is  the  least  limit  of  the  moon's  latitude  at  the  time  of  conjunc- 
tion for  which  an  eclipse  can  fail  to  occur. 
.  Hence  a  solar  eclipse  is  certain  if  at  new  moon  j8<  1°  28'  15", 
impossible  if  /9  >  1®  34'  63",  and  doubtful  between  these  limits.  For 
the  doubtful  cases  we  must  apply  (478),  or  for  greater  precision 
(477),  using  the  actual  values  of  ;r,  ;r',  5,  5',  >i,  and  /  for  the  date. 

Example. — On  July  18,  1860,  the  conjunction  of  the  moon 
and  sun  in  longitude  occurs  at  2*  19*.2  Greenwich  mean  time: 
will  an  eclipse  occur  ?  We  find  at  this  time,  from  the  Ephemeris, 

/9  =  0^  33'  18".6 

which,  being  within  the  limit  1°  23'  16",  renders  an  eclipse  cer- 
tain at  this  time. 

Having  thus  found  that  an  eclipse  will  be  visible  in  some  part 
of  the  earth,  we  can  proceed  to  the  exact  computation  of  the 
phenomenon.  The  method  here  adopted  is  a  modified  form  of 
Bessbl's,*  which  is  at  once  rigorous  in  theory  and  simple  in 
practice.  For  the  sake  of  clearness,  I  shall  develop  it  in  a  series 
of  problems. 

Fundamental  Equations  of  the  Theory  of  Eclipses. 

288.  To  investigate  the  condition  of  the  beginning  or  ending  of  a  solar 
eclipse  at  a  given  place  on  the  earth's  surface. — The  observer  sees  the 
limbs  of  the  sun  and  moon  in  apparent  contact  when  he  is  situated 
in  the  surface  of  a  cone  which  envelops  and  is  in  contact  with 
the  two  bodies.    We  may  have  two  such  coneg : 


♦  See  AstronomiMcke  Nachriehien,  Nos.  151, 152,  and,  for  the  full  deyelopment  of  the 
method  with  the  utmost  rigor,  Bbsskl'b  Attronomsche  Untersuehungmy  Vol.  II. 
Hansm's  deyelopment,  based  upon  the  same  fundamental  equations,  but  theoreti- 
cally less  accurate,  may  also  be  consulted  with  advantage :  it  is  given  in  Attrontm. 
Hack.,  Nos.  889-842. 
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First  The  cone  whose  vertex  falls  between  the  sun  and  the 
moon,  as  at  V^  Fig.  89,  and  which  is  called  the  penumbral  cofie. 
An  observer  at  C,  in  one  of  the  elements  CBV  oi  the  cone,  sees 
the  points  A  and  B  of  the  limbs  of  the  sun  and  moon  in  apparent 
exterior  contact,  which  is  either  the  first  or  the  last  contact ;  that 
is,  either  the  beginning  or  the  ending  of  the  whole  eclipse. 


Fig.  39. 


Fig.  40. 


Second.  The  cone  whose  vertex  is  beyond  the  moon  (in  the 
direction  of  the  earth),  as  at  V,  Fig.  40,  and  which  is  called  the 
umbral  cone,  or  cone  of  total  shadow.  An  observer  at  (7,  in  the 
element  CVBA^  sees  the  points  A  and  B  of  the  limbs  of  the  sun 
and  moon  in  apparent  interior  contact,  which  is  the  beginning  or 
the  ending  of  annular  eclipse  in  case  the  observer  is  farther 
from  the  moon  than  the  vertex  of  the  cone  (as  in  the  figure),  and 
which  is  either  the  beginning  or  the  ending  of  total  eclipse  in 
case  the  observer  is  between  the  vertex  of  the  cone  and  the 
moon. 

If  now  a  plane  is  passed  through  the  point  C,  at  right  angles 
to  the  axis  SVD  of  the  cone,  its  intersection  with  the  cone  will 
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be  a  circle  (the  sun  and  moon  being  regarded  as  spherical)  whose 
radius,  CD,  we  shall  call  the  radius  of  the  shadow  (penumbral  or 
umbral)  for  that  point.  The  condition  of  the  occurrence  of  one 
of  the  above  phases  to  an  observer  is,  then,  that  the  distance  of 
the  point  of  observation  from  the  axis  of  the  shadow  is  equal  to  thi 
radius  of  the  shadow  far  that  point.  The  problems  which  follow 
will  enable  us  to  translate  this  condition  into  analytical  language^ 

289.  To  find  for  any  given  time  the  position  of  the  axis  of  tM 
shadow. — The  axis  of  the  cone  of  shadow  produced  to  the  celes- 
tial sphere  meets  it  in  that  point  in  which  the  sun  would  be 
projected  upon  the  sphere  by  an  observer  at  the  centre  of  the 
moon.  Let  0,  Fig.  41,  be  the  centre  of 
the  earth ;  jS,  that  of  the  sun ;  Jf,  that  of 
the  moon.  The  line  MS  produced  to 
the  infinite  celestial  sphere  meets  it  in 
the  common  vanishing  point  of  all  lines 
parallel  to  MS;  that  is,  in  the  point  Zy  in 
which  the  line  OZ,  drawn  through  the 
centre  of  the  earth  parallel  to  MS^  meets 
the  sphere.  The  position  of  the  axis  of 
the  cone  will  be  determined  by  the  right 
ascension  and  declination  of  the  point  Z. 

In  order  to  determine  the  point  Z,  let  the  positions  of  the  sun 
and  moon  be  expressed  by  rectangular  co-ordinates  (Art  32),  of 
w*iich  the  axis  of  x  is  the  straight  line  drawn  through  the  centre 
of  the  earth  and  the  equinoctial  points,  the  axis  of  y  the  inter- 
action of  the  planes  of  the  equator  and  solstitial  colure,  and 
the  axis  of  z  the  axis  of  the  equator.  Let  x  be  taken  as  positive 
towards  the  vernal  equinox ;  y  as  positive  towards  the  point  of 
the  equator  whose  right  ascension  is  90® ;  z  as  positive  towards 
the  north. 

Let 

a,  d,  r  =  the  right  ascension,  declination,  and  distance  fVom 

the  centre  of  the  earth,  respectively,  of  the  moon's 

centre, 
»',  d',  /  =:  the  right  ascension,  declination,  and  distance  from 

the  centre  of  the  earth,  respectively,  of  the  sun's 

centre; 

The  co-ordinates  a:,  y,  z  will  be,  by  (41), 
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Of  ihs  iun.  Of  the  moon, 

r'  COS  d'  COSa'  r  COB  d  COB  a 

r'  COB  d'  sin  a'  r  cos  ^  sin  a 

r'  Bin  d'  r  sin  d 

Now  let  another  system  of  co-ordinates  be  taken  parallel  to  the 
first,  the  centre  of  the  moon  being  the  origin.  The  position  of 
the  6U\i  in  this  system  will  be  determined  by  the  right  ascension 
and  declination  of  the  sun  as  seen  from  the  moon ;  that  is,  by 
the  right  ascension  and  declination  of  the  point  Z, 
If  we  put 

a,  d  =  the  right  ascension  and  declination  of  the  point  Z, 
G  =  the  distance  of  the  centres  of  the  sun  and  moon, 

the  co-ordinates  of  the  sun  in  the  new  system  are 

G  cos  d  COB  a 
G  cos  d  Bin  a 
G  sin  d 

But  these  co-ordinates  are  evidently  equal  respectively  to  the 
difference  of  the  corresponding  co-ordinates  of  the  sun  and  moon 
in  the  first  system;  so  that  we  have 

G  cos  d  cos  a  =  r'  cos  d'  oosa'  —  r  cos  d  cosa 
G  COB  dBin  a  =  r'  cos  d'  sin  a'  —  r  cos  d  sin  a 
G  am  d  =  r'  sin  d^  —  r  sin  d 

which  fully  determine  a,  rf,  and  6?  in  terms  of  quantities  which 
may  be  derived  from  the  Ephemeris  for  a  given  time. 

But,  as  a  and  d  differ  but  little  from  a'  and  d',  it  is  expedient 
to  put  these  equations  under  the  following  form.  (See  the 
similar  transformation,  Art.  92.) 

G  cos  d  sin  (a  —  a')  =  ■—  r  cos  ^  sin  (»  —  a) 

G  cos  d  COB  (a  —  a!)  =  r'  cos  ^'  —  r  cos  d  cos  (a  —  a') 

Gam  d  =  r'  sin  d'  —  r  sin  d 

If  these  are  divided  by  r',  and  we  put 


they  become 


g  COB  d  sin  (a  —  a')  =  —  h  cob  d  sin  (a  —  a') 

g  cos  d  cob  (a  —  a')  =  cos  d'  —  h  cos  ^  cos  (a  —  tt')  ^  (479) 

g  am  d  =  sin  d'  —  h  sin  d 


1 
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where  the  second  members,  besides  the  right  ascensions  and 
declinations,  involve  only  the  quantity  6,  which  may  be  expressed 
in  terms  of  the  parallaxes  as  follows : 

Let 

-K  =  the  moon's  equatorial  horizontal  parallax, 
it' =  the  sun's  «  "  " 


then  we  have  (Art  89) 


, £ sin  7^ 


r'       sin  It 
If,  farther, 

9r«=  the  sun's  mean  horizontal  parallax, 

and  t'  is  expressed  in  terms  of  the  sun's  mean  distance  from  the 
earth,  we  have,  as  in  (146), 


and  hence 


,      sm «; 
sm  ir  =  — 7-*. 


h  =  ^^^-^  (480) 

r'sinr 


which  is  the  most  convenient  form  for  computing  6,  because  r' 
and  n  are  given  in  the  Ephemeris,  and  i:^  is  a  constant 

290.  The  equations  (479)  are  rigorously  exact,  but  as  6  is  only 
about  ^,  and  a  —  a'  at  the  time  of  an  eclipse  cannot  exceed 
1°  43',  a  —  a'  is  a  small  arc  never  exceeding  17",  which  may  be 
found  by  a  brief  approximative  process  with  great  precision 
The  quotient  of  the  first  equation  divided  by  the  second  gives 

.       ,           ,^                h  cos  d  sec  d'  sin  (a  —  a') 
tan  (a  —  »')  = ^^ ^ 

1  —  6  cos  d  sec  ^'  cos  (tt  —  »') 

where  the  denominator  differs  from  unity  by  the  small  quantity 
h  cos  i  sec  b'  cos  (a  —  a') ;  and,  since  5  and  V  are  nearly  equal, 
this  small  difference  may  be  put  equal  to  6,  and  we  may  then 
write  the  formula  thus  :* 

a  —  a'  = cos  d  sec  ^'  (a  —  tt') 

1  —  6  ^  ^ 

*  Developing  the  formula  for  tan  (a  —  a*)  in  series,  we  hare 

,  6 cos  r5  see  <f 'sin  (tt  —  »')       ft*  cos*  6  sec*  J ' sin  2  (a  —  a')       « 

tf  —  tt  =  — i L i L  —  &0. 

sin  1"  2  sin  1" 

where  the  second  term  cannot  exceed  0".04,  and  the  third  term  is  altogether  innp- 
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If  we  take  cob  (a  —  a')  =  1  and  cos  (a  —  a')  =  1,  we  have^- 
from  the  second  and  third  of  (479), 

g  cos  d  =  cos  d'  —  6  cos  ^ 

^  sin  (2  =  sin  d'  —  6  sin  ^ 
wlience 

g  sin  (d^d')=--h  sin  (d  —  d') 
g  cos  {d  —  d')  =  1  —b  cos  {d  —  d') 

from  which  follows 

h  sin  {d  — .  d') 


tan  (d  —  d')  = 


1  — 6co8(a-^^') 
or,  nearly,* 

(f  —  d'= ^(^  — ^') 

1  —  6^  ^ 

From  the  above  we  also  have,  with  sufficient  precision  for  the 
subsequent  application  of  g^  the  formula 

The  formulae  which  determine  the  point  Z^  together  with  the 
quantity  (?,  will,  therefore,  be 

a  =  o' cos  d  sec  d'  (a  —  a') 

jr  =  1  -.  6,  ff  =  r'y 

Kad  in  many  cases  it  will  suffice  to  take  the  extremely  simple 

forms 

a  =  tt'  —  6  (a  —  •')  d  =  d'-^6  (d  —  d') 

291.  To  find  the  disiance  of  a  given  place  of  observation  from  the 
axis  of  the  shadow  at  a  given  time. — ^Let  the  positions  of  the  sun,' 

preciable.    The  formula  adopted  in  the  text  is  the  same  as 

a  —  tt'=  —  6  COS  (5  seo  <5'(a  —  a')  (1  —  ft)~* 

=  —  6  cos  <T  seo  S'(a — o')  —  &*  cos  S  seo  6'  (a —  o')  —  &c. 

which,  since  cos  6  9eo  6'  may  in  the  second  term  be  put  equal  to  unity,  differs  from 
the  complete  series  only  by  terms  of  the  third  order.    The  error  of  the  approximate 
formula  is,  therefore,  something  less  than  0".01. 
*  The  error  of  thi«  formula,  as  can  be  easily  shown,  will  ne^er  exceed  0".068. 
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Fig.  41  (6<«). 
Z 


the  moon,  and  the  observer  be  referred  by  rectangular  co-ordi- 
nates to  three  planes  passing  through  the  centre  of  the  earth,  of 
which  the  plane  of  xy  shall  always  be  at  right  angles  to  the  axis 
of  the  shadow,  and  will  here  be  called  the  principal  plane  of  refer- 
ence. Let  the  plane  of  yz  be  the  plane  of  the  declination  circle 
passing  through  the  point  Z.  The  plane 
of  xz  will,  of  course,  be  at  right  angles 
to  the  other  two. 

The  axis  of  z  will  then  be  the  line  OZy 
Fig.  41,  drawn  through  the  centre  of  the 
earth  parallel  to  the  axis  of  the  shadow, 
and  will  be  reckoned  as  positive  towards 
Z.  The  axis  of  y  will  be  the  intersection, 
0  Yy  of  the  plane  of  the  declination  circle 
through  Z  with  the  principal  plane,  and 
will  be  taken  as  positive  towards  the 
north.  The  axis  of  x  will  be  the  intersection,  OX,  of  the  plai  e 
of  the  equator  with  the  principal  plane,  and  will  be  taken  us 
positive  towards  that  point,  -Z,  whose  right  ascension  is  90°  +  a. 

Let  M'  and  S^  be  the  true  places  of  the  moon  and  sun  upon 
the  celestial  sphere,  P  the  north  pole ;  then,  if  we  put 


x,yyZ=s  the  co-ordlnateB  of  the  moon, 

we  have,  by  (Art.  81), 

a:  =  f  cos  M^JT 
y  =r  ooB  M^Y 
z  =zr  cos  M'Z 

which,  by  the  formulae  of  Spherical  Trigonometry  applied  to  the 
triangles  M'PJ:,  M'PY,  M'PZ,  become 


X  =  r  cos  d  sin  (o  —  a) 

y  =  r  [sin  d  cos  d  —  cos  d  sin  d  cos  (a  —  a)] 

z  =r  [sin  d  Bin  d  -{-  cos  d  cos  d  cos  (a  —  a)] 


6t 


X  =  r  cos  ^  sin  (a  —  a) 

y  =  r  [sin  (^  —  d)  cos'  J  (a  -^  a)  -f-  sin  (^  -f^  d)  sin 

z  =  r  [cos  (d  —  d)  cos*  J  (<*  —  «)  —  cos  (^  -f-  d)  sin' 


1 


(482) 


and  if  the  equatorial  radius  of  the  earth  is  taken  as  the  unit  oi 
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Tf  Xy  r/j  Zy  we  shall  have  the  value  of  r,  required  in  these  equa- 
tions, by  the  formula 

smir 

The  co-ordinates  x  and  y  of  the  sun  in  this  system  are  the 
same  as  those  of  the  moon,  and  the  third  co-ordinate  Srz  +  O; 
but  the  method  of  investigation  which  we  are  here  following 
does  not  require  their  use. 

Now  let 

f ,  1^,  C  =  the  co-ordinates  of  the  place  of  observationi 
^  =  the  latitude  of  the  place, 
^'=  the  reduced  latitude  (Art.  81), 
p  =  the  radios  of  the  terrestrial  spheroid  for  the  lati- 
tude 99, 
fi  =  the  given  sidereal  time ; 

then,  if  in  Fig.  41  we  had  taken  M  for  the  place  of  observation, 
Af'  would  have  been  the  geocentric  zenith  with  the  right  ascen- 
sion fi  and  declination  ^^  and,  the  distance  of  the  place  from  the 
origin  being  />,  we  should  have  found 

S  =  p  COB  ^'  sin  (ft  —  a)  ^ 

13  z=z  p  [sin  f)'  cos  d  —  cos  ^'  sin  d  cos  (fi  —  a)]  >  (488) 

C  =  p  [sin  ^'  sin  d  +  cos  /  cos  d  cos  (fi  —  a)]         j 

These  equations,  if  we  determine  A  and  B  by  the  conditions 

Asm  B  =  p  sin  ^ 

A  cos B  =  P  coB^ COB  (ft  —  a). 


may  be  computed  under  the  form 


f  =  />  cos  /  sin  (pL  —  a) 

17  =  ^  sin  (5  —  d)  y  (488*) 

C  =  Acos(JB— d) 


}■ 


The  equations  (482)  might  be  similarly  treated;  but  the  most 
accurate  form  for  their  computation  is  (482*). 

The  quantity  /ei  —  a  is  the  hour  angle  of  the  point  Z  for  the 
meridian  of  the  given  place.  To  facilitate  its  computation,  it  is 
convenient  to  find  first  its  value  for  the  Greenwich  meridian. 
Thus,  if  we  put  for  any  given  Greenwich  mean  time  T 

ft^  =  the  hour  angle  of  the  point  ^at  the  Greenwich  meridian, 
cf  =  the  longitude  of  the  given  place, 
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we  have 

To  find  /jt^  we  have  only  to  convert  the  Greenwich  mean  time  T 
mto  sidereal  time  and  to  subtract  a. 

By  means  of  the  formulae  (482)  and  (483)  the  co-ordinates  of 
the  moon  and  of  the  place  of  observation  can  be  accurately  com- 
puted for  any  given  time.  Now,  the  co-ordinates  x  and  y  of  the 
moon  are  also  those  of  every  point  of  the  axis  of  the  shadow:  so 
that  if  we  put 

J  =  the  distance  of  the  place  of  observation  from  the  axis 
of  the  shadow, 

we  have,  evidently, 

J«  =  (a:  -  0*  +  (y  -  ^y  (484) 

[The  co-ordinates  z  and  (^  have  also  been  found,  as  they  will  be 
required  hereafter.] 


i 


Fig.  42. 


r\x 
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292.  The  distance  J  may  be  determined  under  another  form, 
which  we  shall  hereafter  find  useful.  Let  M\ 
Fig.  42,  be  the  apparent  position  of  the  moon's 
centre  in  the  celestial  sphere  as  seen  from  the 
place  of  observation ;  P  the  north  pole ;  Z  the 
point  where  the  axis  of  the  cone  of  shadow 
meets  the  sphere,  as  in  Fig.  41 ;  M^y  Q,  the 
projections  of  the  moon's  centre  and  of  the 
place  of  observation  on  the  principal  plane. 
The  distance  C^M^  is  equal  to  J,  and  is  the 
projection  of  the  line  joining  tiie  place  of 
observation  and  the  moon's  centre.  The  plane  by  which  this 
line  is  projected  contains  the  axis  of  the  cone  of  shadow,  and 
its  intersection  with  the  celestial  sphere  is,  therefore,  a  great 
circle  which  passes  through  Z,  and  of  which  ZM^  is  a  portion. 
Hence  it  follows  that  C^M^  makes  the  same  angle  with  the  axis 
of  y  that  M'Z  makes  with  PZ:  so  that  if  we  draw  C^N  and  M^N 
parallel  to  the  axes  of  y  and  z  respectively,  and  put 

we  have,  from  the  right  triangle  CyM^N^ 

Jsin  e  =  a:  — e  \ 

Jcose  =  y-^  /    (485) 

the  sum  of  the  squares  of  which  gives  again  the  formula  (484). 
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293.  To  find  the  radius  of  the  shadow  on  ih^  principal  plane^  or  m 
any  given  plane  parallel  to  the  principal  plane, — This  radius  is  evi- 
dently equal  to  the  distance  of  the  vertex  of  the  cone  of  shadow 
from  the  given  plane,  multiplied  hy  the  tangent  of  the  angle  of 
the  cone.  In  Figs.  89  and  40,  p.  440,  let  EF  be  the  radius  of 
the  shadow  on  the  principal  plane,  CD  the  radius  on  a  paralh  J 
plane  drawn  through  C.    Let 

H  =  the  apparent  semidiameter  of  the  sun  at  its  mean  dis- 
tance, 

k  =  the  ratio  of  the  moon's  radius  to  the  earth's  equatorial 
radius, 

/  =  the  angle  of  the  cone  =  EVF, 

c  =  the  distance  of  the  vertex  of  the  cone  above  the  princi- 
pal plan©  =  VFj 
C  =  the  distance  of  the  given  parallel  plane  above  the  prin- 
cipal plane  =  DF, 
I  =s  the  radius  of  the  shadow  on  the  principal  plane  =  EF^ 

L  =  the  radius  of  the  shadow  on  the  parallel  plane  =  CD. 

If  the  mean  distance  of  the  sun  from  the  earth  is  taken  «» 

unity,  we  have 

the  earth's  radius  ==  sin  tt^, 

the  moon's  radius  =  k  sin  tt^  =  MBy 

the  sun's  radius     =  sin  jB   =  &i, 

and,  remembering  that  Q  =  r'g  found  by  (481)  is  the  distance 
MS^  we  easily  deduce  from  the  figures 

.     -       sin  JJ  ±:  A:  sin  «L  , .  .^. 

sm  /  = = 9  (486) 

in  which  the  upper  sign  corresponds  to  the  penumbral  and  the 
lower  to  the  umbral  cone. 

The  numerator  of  this  expression  involves  only  constant  quan- 
tities. According  to  Bessel,  5^  =  959''.788 ;  Enokb  found 
TtQ  =  8".57116 ;  and  the  value  of  A:,  found  by  Bubckhardt  from 
eclipses  and  occultations,  is  A  =  0.27227  ;*  whence  we  have 

log  [sin  JT  +  A:  sin  ^J  =  7.6688033  for  exterior  contacts, 
log  [sin  H  —  /r  sin  ^ J  =  7.6666913  for  interior  contacts. 

*  The  TElue  of  k  here  adopted  is  preoieely  th»t  which  the  more  recent  inTeetiga- 
tion  of  OuDEHANS  {ABtfon.  Naeh,,  Vol.  LI.  p.  80)  giyes  for  eclipses  of  the  sun. 
For  occultations,  a  slightly  inoreased  yalue  seems  to  be  required. 
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Now,  taking  the  earth's  equatorial  radius  as  unity,  we  have 

sin/ 

MF  =  z    (Art.  291) 
and  hence 

c  =  z±—  (487) 

sin/  ^      ^ 

the  upper  sign  being  used  for  the  penumbra  and  the  lower  for 
the  umbra. 
We  have,  then. 


l  =  c  tan/  =  z  tan/  ±  k  sec/ 
i  =  (o  —  C)  tan/  =  Z  —  C  tan/ 


I    (488) 


For  the  penumbral  cone,  c  —  {^  is  always  positive,  and  there- 
fore L  is  positive  also. 

For  the  umbral  cone,  c  —  {;  is  negative  when  the  vertex  of 
the  cone  falls  below  the  plane  of  the  observer,  and  in  this  case 
we  have  total  eclipse :  therefore  for  the  case  of  total  eclipse  we 
shall  have  L  =  {c  —  (^)  tan /a  negative  quantity.  It  is  usual  to 
regard  the  radius  of  the  shadow  as  a  positive  quantity,  and 
therefore  to  change  its  sign  for  this  case ;  but  the  analytical  dis- 
cussion of  our  equations  will  be  more  general  if  we  preserve 
the  negative  sign  of  Z  aa  the  characteristic  of  total  eclipse. 

When  the  vertex  of  the  umbral  cone  falls  above  the  plane  of 
the  observer,  L  is  positive,  and  we  have  the  case  of  annii^ar 
eclipse. 

For  brevity  we  shall  put 


i  =  tan/ 

l  =  ic  y    (489) 

L=  I  —  iC 


1 


294.  The  andlytical  expression  of  the  condition  of  beginning  or 
ending  of  eclipse  is 

pr,  by  (484)  and  (489),  "~ 

(«  -  0*  +  (y  -  ^y  =  (^  -  iC)'  (490) 

It  is  convenient,  however,  to  substitute  the  two  equations 
(485)  for  this  single  one,  after  putting  L  for  J,  so  that 
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may  be  taken  as  the  conditions  which  determine  the  beginning 
or  ending  of  an  eclipse  at  a  given  place. 

The  equation  (490),  which  is  only  expressed  in  a  different  form 
by  (491),  is  to  be  regarded  as  the  fundamental  equation  of  the 
theory  of  eclipses. 

295.  By  Art.  292,  so  long  as  J  is  regarded  as  a  positive  quan- 
tity, Q  is  the  position  angle  of  the  moon's  centre  at  the  point  Z; 
and  since  the  arc  joining  the  point  Z  and  the  centre  of  the  moon 
also  passes  through  the  centre  of  the  sim,  Q  is  the  common 
position  angle  of  both  bodies. 

Again,  since  in  the  case  of  a  contact  of  the  limbs  the  arc 
joining  the  centres  passes  through  the  point. of  contact,  Q 
will  also  be  the  position  angle  of  this  point  when  all  three 
points — sun's  centre,  moon's  centre,  and  point  of  contact — ^lie 
on  the  same  side  of  Z.  In  the  case  of  total  eclipse,  however, 
the  point  of  contact  and  the  moon's  centre  evidently  lie  on 
opposite  sides  of  the  point  Z;  and  if  l^  i(^  in  (490)  were  a 
positive  quantity,  the  angle  Q  which  would  satisfy  these  equa- 
tions would  still  be  the  position  angle  of  the  moon's  centre,  but 
would  differ  180°  from  the  position  angle  of  the  point  of  con- 
tact. But,  since  we  shall  preserve  the  negative  sign  of  i  —  iQ 
for  total  eclipse  (Art.  293),  (and  thereby  give  Q  values  which 
differ  180°  from  those  which  follow  from  a  positive  value),  the 
angle  Q  will  in  all  cases  be  the  position  angle  of  the  point  of  contact. 

296.  The  quantities  a,  rf,  x,  y,  ?,  and  i  may  be  computed  by 
the  formulfie  (480),  (481),  (482),  (486),  (487),  (488),  for  any  given 
time  at  the  first  meridian,  since  they  are  all  independent  of  the 
place  of  observation.  In  order  to  facilitate  the  application  of 
the  equations  (490)  and  (491),  it  is  therefore  expedient  to  com- 
pute these  general  quantities  for  several  equidistant  instants 
preceding  and  following  the  time  of  conjunction  of  the  sun  and 
moon,  and  to  arrange  them  in  tables  from  which  their  values 
for  any  time  may  be  readily  found  by  interpolation. 

The  quantities  x  and  y  do  not  vary  uniformly ;  and  in  order  to 
obtain  their  values  with  accuracy  from  the  tables  for  any  time, 
we  should  employ  the  second  and  even  the  third  differences  in 
the  interpolation.  This  is  effected  in  the  most  simple  manner 
by  the  following  process.  Let  the  times  for  which  x  and  y  have 
been   computed  be  denoted  by  2;  —  2*,  T^  —  1*,  7;,  T^  +  1*, 
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T^  +  2\  the  interval  being  one  lioUr  of  mean  time ;  and  let  the 
values  of  x  and  y  for  these  times  be  denoted  by  x^a,  x^i,  &c., 
y-.2,  y-i,  &c.  Let  the  mean  hourly  changes  of  x  and  y  from  the 
epoch  Tq  to  any  time  T=  T^  +  rhe  denoted  by  x'  and  y'.  Then 
the  values  of  x'  and  y  for  the  instants  Tq  —  2*,  7"^  —  1\  &c.  will 
be  formed  as  in  the  following  scheme,  where  c  denotes  the  third 
difference  of  the  values  of  x  as  found  from  the  series  x^2y  ^-h  &c. 
according  to  the  form  in  Art.  69,  and  the  difference  for  the 
instant  T^  is  found  by  the  first  formula  of  (77).  'The  form  for 
£omputing  y  Id  the  same. 


Time. 

X 

*" 

r,— 2» 

X-t 

i{x,-x.,) 

r,— 1» 

a;-, 

a;,— a:_, 

T, 

x» 

l{x,-x_,)—\c 

r.+  i» 

^1 

a;,— a:. 

r.+  2» 

a:, 

l{x,-x,) 

If  then  we  require  x  and  y  for  a  time  T  =  7{^  +  r,  we  take 
«/  and  y'  from  the  table  for  this  time,  and  we  have 

a;  =  Xo  +  a/r 

y  =  y.  +  y'^ 

297.  Example. — Compute  the  elements  of  th^  solar  eclipse  of 
July  18,  1860. 

The  mean  Greenwich  time  of  conjunction  of  the  sun  and 
moon  in  right  ascension  is  July  18,  2*  8"*  56*.  The  computation 
of  tht  elements  will  therefore  be  made  for  the  Greenwich  hours 
C,  1,  2,  8,  4,  and  5.  For  these  hours  we  take  the  following 
quantities  from  the  American  Ephemeris : 

For  the  Moon. 


Greenwiok  mean 
time. 

a 

8 

K 

July  18,  0» 

116°  44'  24".S0 

21°  52'  20".3 

69'46".80 

1 

117  21  59  .10 

42  82  .8 

47  .13 

2 

117  59  30  .45 

32  36  .4 

48  .44 

8 

118  36  58  .35 

22  31  .2 

49  .72 

4 

119  14  22  .65 

12  17  .2 

50  .98 

5 

119  51  43  .35  . 

1  54  .6 

52  .22 
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For  the  Sun. 


Or«enwioli  meMi 
time. 

a! 

d' 

logr' 

July  18,  0» 

117°  5^  41".85 

20°  57'  56".20 

0.0068675 

1 

118  2  12  .50 

57  29  .42 

61 

2 

118  4  48  .14 

67  2  .60 

47 

8 

118  7  18  .77 

66  86  .76 

83 

4 

118  9  44  .89 

66  8  .86 

19 

5 

118  12  15  .00 

65  41  .94 

06 

The  formulse  to  be  employed  will  be  here  recapitulated,  for 
convenient  reference. 
I.  For  the  elements  of  thepcini  Z: 


Bin  w« 


log  sin  r^=  6.61894 


a  =  »'  — 


d  =  d'- 


l  —  fc 

b 


r'sin  -K 
cos  d  sec  d'  (a  —  a')    Or,  nearly,    a  =  a'  —  6  (a  —  e') 


II.  The  moon's  co-ordinates : 

1 
r  = 

sin  X 
x  =  r  cos  ^  sin  (a  —  a) 

y  =  r  sin  (a  —  d)  cos«  J(a  —  a)  +  r  sin  (^  +  (f)  sin*  J(a  —  a) 
z  =rcos(d^d)  cos*  J(a  ^a)-'r  cos  [d  +  d)  sin*  J(a  —  a) 

m.  The  angle  of  the  cone  of  shadow  and  the  radius  of  the 
shadow; 


sin/  = 


jFbr  umbra:  or  interior  eontaeU 


For  penumbra:  or  exterior  eontaete. 
,^[7.668808] 

r'g 

c=z  +  -^     log  A:  =  9.485000,    c  =  z — 

sin/  einf 


^.  p.666691] 


i=  tan/ 
l=ic 


» =s  tan  / 
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IV.  The  values  of  a,  rf,  a:,  y,  log  t,  and  l,  will  then  be  tabulated 
and  the  differences  x'  and  y'  formed  according  to  Art.  296. 

I  give  the  computation  for  the  three  hours  1*,  2*,  and  8*, 
in  exienso. 


L  Elements  of  the  point  Z. 


a  —  o' 

log  ooseo  ir  =  log  r 

ar.  CO.  log  r' 

Constant  log  sin  iTp 

log  6 

ar.  CO.  log  (1  —  b) 

log  COB  0 

log  sec  6' 

log  (a  —  o') 

log  (a  —  o') 

a  —  o' 


(2) 


(1)  +  (2) 


log  (i  -  rf') 
log(rf-rf') 
d  —  6' 

a 
d 

log  (1  —  5)  =  log  SI 


1» 

» 

V^ 

-Qo  40'  18".40 

— 0«»  6'12".69 

-hO«  29'  44".58 

+  45  8  .88 

-f-  86  83  .80 

+  25  66  .46 

1.7696999 

1.7695414 

1.7698866 

9.9930889 

9.9980858 

9.9980867 

5.61894 

7.87167 

7.87162 

7.87186 

0.001028 

0.001028 

0.001022 

9.96806 

9.96856 

9.96906 

0.02978 

0.02970 

0.02968 

n8.88268 

fi2.49511 

8.26164 

0.76810 

9.86690 

110.62266 

-f     6".66 

+     0".78 

—     4".19 

7.87269 

7.37264 

7.87288 

8.48191 

8.82916 

8.19185 

n0.80460 

fiO.70169 

nO.66423 

—     6".88 

-     6''.08 

—     8".67 

HBO  2'18".16 

1180  4'48".87 

1180  7'  9".68 

20  57  28  .04 

20  66  67  .67 

20  66  82  .08 

9.998977 

9.998977 

9.998978 

n.  Co-ordinates  x,  y,  and  z. 


a  —  a 

6  —  d 

d-\-d 

log  sin  (a  —  a) 

log  cos  6 

log  r  cos  6  sin  (a  —  a)  =  log  z 


log  cos*  }U— a) 

log  sin  (d — dS 

log  (8)  =log  r  sin  (<J — rf)cos*  }  f  o — a  j 

log  sin*} (a — a) 

log  sin  (6  -\-  d\ 

iog  (4)  =:logr  sin  (6  -|-  d)  sin"  J  (a— a) 

(8) 

(4) 

(8)  +  (4)  y 

log  COB  (<'  —  <') 

log  (6)  =logreos  (<J — rf)co8'i  (a — a) 

log  COS  (6-\-d) 

log  (6)  =log  r  cos  {6  -|-  </)Bin*  J  (a  —  a) 

log  [(6)  — ^6)]     =     log* 


—Oo  40'  19".06 
-I-  46  9.76 
42  89  65  .84 
n8.0692116 
9.9680602 
n9.7969617 
—0.626569 

9.9999850 
8.1184982 
9.8781781 
6.5368780 
9.8810486 
7.1271264 

+0.766402 

-fO.001840 

+0.766742 

9.9999626 
1.7596474 
9.8664780 
7.1626559 
1.7696864 


— 0*  6'18".42 
+  86  88  .88 
42  29  83  .97 
n7.1817014 
9.9685481 
n8.9097909 
—0.081244 

9.9999998 
8.0157484 
9.7762846 
8.7618894 
9.8296286 
6.8405043 

+0.596068 

+0.000022 

+0.696076 

9.9999766 
1.7596178 
9.8676822 
6.3886680 
1.7695176 


+0«  29'  48".77 
+  26  69  .12 
42  19  8.28 
7.9881289 
9.9690490 
9.6666694 
0.464044 

9.9999920 
7.8784502 
9.6378287 
6.2741910 
9.8281696 
6.8617470 

+0.484829 

+0.000727 

+0.486066 

9.9999876 
1.7693661 
9.8688989 
6.9024714 
1.7593601 
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m.  Log  land  4  for  exterior  contacts.  [Constant  log  =  7.668803] 


logrV 
Const.  —  log  rV  =  log  Bin/ 
log  seo/ 
log  k  cosec/ 
log  [*  +  *  cosec/]  =  log  c 
log  tan/  =  log  f 

log  ic  =  log  / 

I 


1* 

V^ 

0.005943 

0.005942 

7.662860 

7.662861 

0.000005 

1.772140 

1.772189 

2.066968 

2.066904 

7.662865 

7.662866 

9.729828 

9.729770 

0.586819 

0.586747 

0.005941 

7.1 


1.772188 
2.066826 
7.662867 
9.729698 
0.586652 


Log  i  and  I  for  interior  contacts.     [Constant  log  =  7.666691] 


Const.  —  log  r^ff  =  log  sin/ 

log  sec/ 

log  k  cosec/ 

log  [s  —  k  cosec/]  =  log  c 

log  tan/  =  log  f 

log  ie  =:  log  I 

I 


7.660748 

7.660749 

7.660750 

0.000005 

1.774252 

1.774261 

1.774250 

nO.298985 

110.297418 

n0.801919 

7.660753 

7.660754 

7.660756 

117.964788 

•17.958167 

n7.962674 

—0.009010 

—0.009082 

—0.009176 

rV*  The  compntation  being  made  for  the  other  hours  in  tho 
same  manner,  the  results  are  collected  in  the  following  tables. 


a  ■• 

d 

Ixterfor  Contacts. 

Intarlor  Oontacto. 

1 

log< 

1 

log< 

0» 

117« 

59*  52" 

.44 

20O  67'  48' 

.50 

0.586867 

7.662864 

—  0.008960 

7.6607ta 

1 

118 

2  18 

.16 

67  28 

.04 

0.536819 

65 

0.009010 

£« 

2 

4  48 

.87 

56  57 

.57 

0.636747 

66 

0.009082 

U 

8 

7    9 

.58 

56  82 

.08 

0.536652 

67 

0.009176 

66 

4 

985 

.27 

56    6 

.68 

0.536538 

68 

0.009298 

66 

6 

12    0 

.95 

65  41 

.06 

0.586391 

69 

0.009484 

67 

0» 

1 

2 

8 

4 
6 

» 

A, 

^ 

-45 
—60 
-75 

y 

A. 

A. 

A. 

—  1.171856 

—  0.626569 

—  0.081244 
+  0.464044 
+  1.009245 
+  1.554284 

+  0.546297 
0.546816 
0.545288 
0.546201 
0.646089 

±5? 

+  0.917040 
+  0.756742 
1+0.696075 
1+0.485056 
+  0.278704 
1+0.112039 

—  0.160298 

—  0.160667 

—  0.161019 

—  0.161852 

—  0.161665 

—869 
—862 
-888 
—818 

+17 
+19 
+20 

For  the  values  of  the  hourly  differences  of  x  and  y,  we  find 
from  the  above,  by  Art  296, 
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1 

af 

logs' 

If 

log/ 

1 

0» 

0.545806 

9.786640 

—  0.160488 

n9.206429 

1 

0.545315 

648 

—  0.160607 

6927 

T.  =  2 

0.545810 

644 

—  0.160846 

6410 

8 

0.545288 

626 

—  0.161019 

6877 

4 

0.545245 

592 

—  0.161186 

7827 

' 

0.545176 

587 

—  0.161845 

7756 

and  for  any  given  time  T=  TJ  +  r,  we  have 

x  =  —  0.081244  +  aft 
y  =  +  0.596075  +  y'r 


}    (492) 


Finally,  to  facilitate  the  computation  of  the  hour  angle 
fjL  —  a^=^  fx^  —  (o  (Art.  291),  we  prepare  the  values  of  (jl^  for  each 
of  the  Greenwich  hours.    Thus,  for  T=  1*,  we  have 

From  the  Ephemeris,  July  18, 1860, 

Sid.  time  at  mean  noon  =     7*  46*  4*  .03 

Sid.  equivalent  of  1*  mean  t.  =     1      0     9  .86 
Greenwich  sid.  time 

*<  •*       "      in  arc, 

a 
/£,  =  13    81   10  .19 

Thus  we  form  the  following  table,  to  which  is  also  added  for 
future  use  the  value  of  the  logarithm  of 

ij!  =  the  hourly  difference  of  fi^  in  parts  of  the  radius; 

log  fi'  =  log  54002'M6  sin  V 
=  9.417986 


=  8 

46 

18 

.89 

=  181° 

83' 

28" 

.35 

=  118 

2 

18 

.16 

IH 

Hourly  diff. 

0» 

858»  81'  8".0 

1 

18  81  10  .2 

2 

28  81  12  .8 

54002".15 

8 

48  81  14  .4 

4 

58  81  16  .6 

5 

78  81  18  .7 

I  proceed  to  consider  the  principal  problems  relating  to  the 
general  prediction  of  eclipses,  in  which  the  preceding  resulta 
will  be  applied. 
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Outline  of  the  Shadow  on  the  Surface  of  the  Earth. 

298.  To  find  the  outline  of  the  moon* 8  shadow  upon  the  earth  at  a 
given  time. — ^This  outline  is  the  intersection  of  the  cone  of  shadow 
with  the  earth's  surface ;  or,  it  is  the  curve  on  the  surface  of  the 
earth  from  every  point  of  which  a  contact  of  the  sun's  and 
moon's  limbs  may  be  observed  at  the  given  time.    Let 

T  =  the  given  time  reckoned  at  the  first  meridian, 

and  let  a,  dy  x,  j/y  l^  and  log  i  be  taken  from  the  general  tables 
of  the  eclipse  for  this  time.  Then  the  co-ordinates  f ,  y,  (^  of  any 
place  at  which  a  contact  may  be  observed  at  the  given  time  must 
satisfy  the  conditions  (491), 


(I  —  iC)  sin  C  =  a:  —  ? 

{l  —  iC)  cos  Q  =  y  —  iy 
Let 

^  =  the  hour  angle  of  the  point  Z, 
o»s^  the  west  longitude  of  the  place; 

then  we  have 

*  =  /i  — a  =  A^  — « 

und  the  equations  (488)  become 

$  =  /9  cos  f'sin  *  \ 

17  ^  /»  sin  f 'cos  d  —  ^  cos  f '  sin  d  cos  ^  > 

C  ==  /»  sin  f '  sin  <2  -f-  ^  cos  ^  cos  d  cos  ^  J 


}    (493) 


(494) 


The  five  equations  in  (493)  and  (494)  involve  the  six  variables 
f ,  t}y  Zy  ip'y  i>,  and  §,  any  one  of  which  may  be  assumed  arbi- 
trarily (excluding,  of  course,  assumed  values  that  give  impossible 
or  imaginary  results) ;  then  for  each  assumed  value  of  the  arbi- 
trary quantity  we  shall  have  five  equations,  which  fully  deter* 
mine  five  unknown  quantities,  and  thereby  one  point  of  the  re- 
quired curve.    I  shall  take  Q  as  the  arbitrary  variable. 

In  the  present  form  of  the  equations  (494),  they  involve  the 
unknown  quantity  /t>,  which  being  dependent  upon  f'  cannot  be 
determined  until  the  latter  is  found.  This  seems  to  involve  the 
necessity  of  at  first  neglecting  the  compression  of  the  earth,  by 
putting  p  =  ly  and  after  an  approximate  value  of  f '  has  been 
found,  and  thereby  also  the  value  of  /t>,  repeating  the  computation. 
But,  by  a  simple  transformation  given  by  Bbssbl,  this  double 
computation  is  rendered  unnecessary,  and  the  compression  of 
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the  earth  is  taken  into  account  from  the  beginning.  If  ip  is  the 
geographical  latitude,  we  have  (Art  82) 

cos  <p  .      ,         sin  « (1  —  eeT) 

p  cos  «>'= V-  i>  sin /= ^-^ : — ^ 

V^(l  —  ee  sin«  f )  '^  l/(l  —  ee  sin»  ^) 

in  which 

log  ee  =  7.824409  log  i/(l  —  ee)  =  9.9985458 

If  we  take  a  new  variable  f|,  such  that 

cos  «E> 

cos  «P,  =  — ' ~ 

^'       l/(l  —  ee  sin»  ^) 

we  shall  have 

y/i  >     N        sin  spi/(l  —  ee) 

sin  f ,  =  i/(l  —  cos*  ip^  =    ^,J  ^  ^ — ;^ — ^ 

^*       ^^  '^       l/(l  — ee8in» 

or 

cos  f  J  =  /9  COB  / 

|/(1  —  ee)  sin  fp^  =  p  sin  ^ ' 

1/(1 -ee) 
Hence  the  equations  (494)  become 

f  =  cos  f  J  sin  * 

17  =  sin  ^j  cos  <f  |/(1  —  ee)  —  cos  f  ^  sin  d  cos  * 

C  =  sin  9>,  sin  <f  |/(1  —  ee)  +  00s  ^^  cos  d  cos  * 

Put 

p^  sin  <fj  =  sin  d  p^  sin  <i,  =  sin  <i  |/(1  —  ^)  1 

f»j  cos  <ij  =  cos  d^(i  — ee)         /?,  cos rf,  =  cos  d  j    ^      ) 

The  quantities  /f>i,  rfi,  /f>„  t^i  ^^^7  l>®  computed  for  the  same  times 
as  the  other  quantities  in  the  tables  of  the  eclipse,  and  hence 
obtained  by  interpolation  for  the  given  time.  The  factors 
/>!  and  p^  will  be  sensibly  constant  for  the  whole  eclipse.  Wd 
ttow  have 

f  =  cos  f  J  sin  * 

17  =  ^j  sin  f ,  cos  dj  —  p^  cos  f  j  sin  d^  cos  * 
C  =  /9,  sin  f  J  sin  d,  +  /»,  cos  f  ^  cos  (2,  cos  ^ 
Let  us  put 

and  assume  Zv  bo  that 

?  +  '?.'  +  C.'  =  1  (496) 


! 
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or^  which  is  equivalent,  let  us  take  the  system 

$  =  cos  f  J  sin  * 

ijj  =  sin  f  J  cos  4,  —  cos  ^ j  sin  d^  cos  *  y    (4^7) 

C,  =  sin  ^j  sin  dj  +  ^^s  9i  ^os  <ij  cos  ^ 

The  quantity  Z^  differs  so  little  from  f  that  we  may  in  practice 
substitute  one  for  the  other  in  the  small  term  i^ ;  but  if  theo- 
retical accuracy  is  desired  we  can  readily  find  f  when  ^j  is 
known ;  for  the  second  and  third  of  (497)  give 

cos  ^^  COB  *=  —  rj^  sin  d^  +  C,  COS  d^ 
9in  f  J  =       i^j  COS  d^  -f  Cj  sin  d^ 

which  substituted  in  the  value  of  f  give 

:  =  p,:,  co8(<f,  -  d,)  -  p,  yi,  sin((fj  -  (f.)  (498) 

Our  problem  now  takes  the  following  form.    We  have  first 
the  three  equations 


{I  —  i:,)  sin  C  =  a?  —  f 

(l-i:,)cos(2  =  y-^,,,  \    (499) 

P  +  '^i'  +  Ci'  =  1 


} 


which  for  each  assumed  value  of  Q  determine  f ,  7)^^  and  {^j.   Then 

we  have 

cos  f  J  sin  *  =      f  ^ 

cos  sPi  cos  i»  =  —  Ji^  sin  e?^  +  Cj  cos  <?,  V    (500) 

sin  ^1=       i^j  cos  dj  +  Cj  sin  ^  J 


which  determine  ip^  and  t>.     Then  the  latitude  and  longitude  of 
a  point  of  the  required  outline  are  found  by  the  equations 

tansP  =  ^^^  iu  =  M,-*  (501) 

•/(l  —  ee) 

To  solve  (499),  let  ^  and  x  he  found  by  the  equations 
sin  ^  sin  /*  =  a:  —  Z  sin  §  =  a 


•    fl               y       i^cosO       . 
sm  iS  cos  r  =  -=^ ^  =  6 

r-i  Pi 

then  we  have 


(602) 


$  =  sin  j9  sin  ^  +  tCj  sin  Q 
ly^  =  sin  p  cos  ^  +  iCj  cos  Q 
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where  we  have  omitted  />|  aa  a  divisor  of  the  small  term  I'd  cos  §, 
since  we  have  very  nearly  p^  =  1.  Substituting  these  values  in 
the  last  equation  of  (499),  we  find 

C,«=  C08»/9  —  2i^,8in  /5  cos  (Q  —  r)  —  O'O* 

Neglecting  the  terms  involving  i*  as  practically  insensible,  this 
gives 

Ci=  ±1  [cos  fi  —  I  sin  ^  cos  (Q  —  ^)] 

In  order  to  remove  the  ambiguity  of  the  double  sign,  let  us  put 

Z  =  the  zenitli  distance  of  tlie  point  Z  (Art.  289) ; 
then,  since  ^  =  ja  —  a  is  the  hour  angle  of  this  point,  we  have 

cos  ^  =  sin  f  sin  d  +  cos  ^  cos  d  cos  ^ 
which  by  means  of  the  preceding  equations  is  reduced  to 

sm  <p^ 

Hence  cos  Z  and  ^|  have  the  same  sign. 

But,  in  order  that  the  eclipse  may  be  visible  from  a  point  ym 
the  earth's  surface,  we  must,  in  general,  have  Zless  than  90°; 
that  is,  cos  Z  must  be  positive,  and  therefore  f  j  must  be  taken 
only  with  the  positive  sign.  The  negative  sign  would  give  a 
second  point  on  the  surface  of  the  earth  from  which,  if  the  earth 
were  not  opaque,  the  same  phase  of  the  eclipse  would  also  be 
observed  at  the  given  time.  In  fact,  every  element  of  the  cone 
of  shadow  which  intersects  the  earth's  surface  at  all,  intersects 
it  in  two  points,  and  our  solution  gives  both  points. 

If  we  put 

e  =  L2£^(ez:r)  (504) 

sin  1"  ^      ^ 

we  have 

Cj  =  cos  p  —  sin  p  sin  c 

or,  with  sufficient  accuracy, 

Cj  =  co8(/?  +  e)  ^  (505) 

Thus,  j9  and  y  being  determined  by  (502),  ^i  is  determined  by 
(604)  and  (505) :  hence  also  f  and  rjy^  by  the  equations 

e  =«  +  »:,  sin «  I 
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The  problem  ia,  therefore,  folly  resolved ;  but,  for  the  conve- 
nience of  logarithmic  computation,  let  e  and  C  be  determined 
by  the  equations 


C  COB  (7  =  Cj 

then  the  equations  (500)  become 

cos  f^  Bin  t9  =  ^ 
J  cos  ^  =  c 
Bin  9>j=  c  sin  (C  +  d^) 


1 

cos  ^j  COB  *  =  (?  cos  (0  +  (fj)  >  (508) 


The  curve  thus  determined  will  be  the  intersection  of  the 
penumbral  cone,  or  that  of  the  umbral  cone,  with  the  earth's 
surface,  according  as  we  employ  the  value  of  I  for  the  one  or  the 
other. 

299.  The  above  solution  is  direct,  though  theoretically  but 
approximate,  since  we  have  neglected  terms  of  the  order  of  t*. 
It  can,  however,  readily  be  made  quite  exact  as  follows.  We 
have,  by  substituting  the  values  of  ^i  and  j^j  in  (498),  and  neg- 
lecting the  term  involving  the  product  isin(di— d^),  which  is 
of  the  same  order  as  i\ 

Z  =  Pt  cos  ()?  +  «)  —  /t>,  sin  p  cos  ^  sin  (ci^  —  d^ 

and,  putting 

•  «'  =  (dj  —  (f ,)  cos  Y 

we  have,  within  terms  of  the  order  i\ 

C  =  />,cos()J  +  «  +  c')  (509) 

The  substitution  of  this  value  of  {^  in  the  term  i^  involves  only 
an  error  of  the  order  i',  which  is  altogether  insensible.  The 
exact  solution  of  the  problem  is,  therefore,  as  follows.  Find  ^ 
and  Y  for  each  assumed  value  of  Q,  by  the  equations 

sin  /9  sin  7*  =  re  —  Z  sin  Q  =  a 

sm)Jcos7'  =  — ^=6 

Pi         Pi 


then  e  and  e'  by  the  equations 

icos  {Q  —  r) 
*  ■"        sin  1" 


ff:=:  {d^—d^  COS  r 
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Find  ^'  and  y'  by  the  equations 

sin  /5'  Bin  /  =  a  +  i>,  cos  09  +  s  +  c')  sin  Q  =  f 

sin  /g-cosr-=  6  +  ^>'^^^  (^  +  '  +  ^^>  ^^^  =  ,, 

then  we  have,  rigorously, 

C,  =  cos  /9' 

and  these  values  of  f ,  i;,,  and  f  ^  may  then  be  substituted  in  (500), 
which  can  be  adapted  for  logarithmic  computation  as  before.* 

800.  It  remains  to  be  determined  whether  the  eclipse  is  begin- 
ning or  ending  at  the  places  thus  found.  A  point  on  the  earth's 
surface  which  at  a  given  time  T  is  upon  the  surface  of  the  cone 
of  shadow  will  at  the  next  consecutive  instant  T  -{■  dT  be 
wiihia  or  mthout  the  cone  according  as  the  eclipse  is  beginning  or 
ending  at  the  time  T;  the  former  or  the  latter,  according  as  the 
distance  J  =  i/[(a:  — f)*  +  (y  —  tjY]  becomes  at  the  time  T  +  67 
less  or  greater  than  the  radius  of  the  shadow  I  —  i(^.  In  the  caie 
of  total  eclipse  I  —  t'C  is  a  negative  quantity,  but  by  comparing 
J*  with  {I  —  iC^y  we  shall  obtain  the  required  criterion  for  lil 
cases ;  and,  therefore,  the  criterion  of  beginning  or  ending^  either 
of  partial  or  of  total  eclipse,  will  be  the  negative  or  positive  value 
of  the  differential  coefficient,  relatively  to  the  time,  of  the 
quantity 

or  the  negative  or  positive  value  of  the  quantity 

^  ^\dT      dTl      ^       ^\dT      dTj      ^  ^\dT         dTl 

*  In  this  problem,  as  well  as  in  most  of  the  subsequent  ones,  I  haye  not  followed 
Bess  el's  methods  of  solution,  which,  being  mathematically  rigorous,  though  as 
simple  as  such  methods  can  possibly  be,  are  too  laborious  for  the  practical  purposes 
of  mere  prediction.  As  a  refined  and  exhaustiTC  disquisition  upon  the  whole  theory, 
Bessbl's  Analyte  der  Fifutemuse,  in  his  Astronomisehe  UrUerauchungen^  stands  alone. 
On  the  other  hand,  the  approximate  solutions  heretofore  in  common  use  are  mostly 
quite  imperfect ;  the  compression  of  the  earth,  as  well  as  the  augmentation  of  the 
moon's  semidiameter,  being  neglected,  or  only  taken  into  account  by  repeating  the 
v:hoU  computation,  which  renders  them  as  laborious  as  a  rigorous  and  direct  method. 
I  haye  endeaTored  to  remedy  this,  by  so  arranging  the  suecessiye  approximations, 
when  these  are  necessary,  that  only  a  small  part  of  the  whole  computation  is  to  be 
repeated,  and  by  taking  the  compression  of  the  earth  into  account,  in  all  cases,  from 
the  commencement  of  the  computation.  In  this  manner,  cTen  the  first  approxima- 
tions by  my  method  are  rendered  more  accurate  than  the  common  methods. 
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where  we  omit  the  insensible  variation  of  i.    For  brevity,  let  ub 

dx      dv 
write  x'y  y,  &c.  for-^,  -^,  &c,  and  denote  the  above  quantity 

by  P;  then,  after  substituting  the  values  of  a; — f  =  (i  —  if)  sin  §, 
jf  —  7j  =  (I  —  i(^)  cos  Qy  we  have 

P=Zl(x'^  r) Bin  C  +  (y  —  V)  COB  C  —  (r—  iC')] 

in  which  L=l  —  i(^.    If  we  put 

P'  =  (j/  ^  e')  sin  C  +  (y  -  7')  COB  C  -  G'  -  tO       (510) 

we  shall  have 

P=LP' 

The  quantity  P  will  be  positive  or  negative  according  as  L  and 
P'  have  like  signs  or  different  signs. 

For  exterior  contacts,  and  for  interior  contacts  in  annular 
eclipse,  L  is  positive  (Art  298),  and  hence  for  these  cases  the  eclipse 
is  beginning  or  ending  according  as  P^  is  negative  or  positive  ;  but  for 
total  eclipse,  L  being  negative,  we  have  beginning  or  ending 
according  as  P'  is  positive  or  negative. 

We  must  now  develop  the  quantity  P\  Taking  one  hour  as 
the  unit  of  time,  x',  y',  Z',  f ',  7',  ^\  will  denote  the  hourly  changes 
of  the  several  quantities.  The  first  three  of  these  may  be 
derived  from  the  general  tables  of  the  eclipse  for  the  given  time; 
but  f ',  r/y  {;'  are  obtained  by  differentiating  the  equations  (494), 
in  which  the  latitude  and  longitude  of  the  point  on  the  earth's 
surface  are  to  be  taken  aa  constant.     Since  t?  =  )E£i—  lu,  we  shall 

Have ^  =  ^;  and  hence,  putting 

/=:^Binr  d'=  — Binl" 

dT  dT 

we  find 

f '  =  fi!p  008  f'cos  »>  =  A*'  ( — 17  sin  <2  -)-  C  cos  d) 

=  A*'  [—  y  sin  ^  +  C  cos  rf  -f-  (Z  —  iZ)  sin  ^  cos  Q] 
V  =  A*'f  Bin<f  —  rf'C 

=  p!  {x  sin  (i  —  (Z  —  iC)  sin  d  sin  §]  —  d'C 

C'=  — A*'fC0B^  +  <i'iy 

=  m'  [—a:  cos  <f  +  (Z  —  iC)  cos  d  sin  C]  +  ^'  [y  —  (^  —  *0  cos  ^] 
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Substituting  these  values  in  (510),  and  neglecting  terms  involving 
i'  and  id/  as  insensible,  we  have 

P'=a'--  V  cos  C  +  c'  sin  C  —  C  O'  cos  dAnQ-^d' cos  Q) 

in  which  a',  6',  and  c',  denote  the  following  quantities: 


a'=  —  V  —ft!  ix  cos  d 

6'  =  —  y'  +  /i'x  sin  d  } (511) 

(f  =z      of  +  f/y  Bin  d  -]-  fi'  il  cos  d 


}' 


The  values  of  these  quantities  may  be  computed  for  the  same 
times  as  the  other  quantities  in  the  eclipse  tables,  and  their 
values  for  any  given  time  will  then  be  readily  found  by  interpo- 
lation. For  any  assumed  value  of  §,  therefore,  and  with  the 
value  of  {;  found  by  (509),  the  value  of  P'  may  be  computed,  and 
its  sign  will  determine  whether  the  eclipse  is  beginning  or 
ending.  In  most  cases,  a  mere  inspection  of  the  tabulated  values 
of  a',  b\  and  e',  combined  with  a  consideration  of  the  value  of 
Qj  will  suffice  to  determine  the  sign  of  P' ;  but  when  the  place 
is  near  the  northern  or  southern  limits  of  the  shadow,  an  accu- 
rate computation  of  P'  will  be  necessary ;  and,  since  other  appli- 
cations of  this  quantity  will  be  made  hereafter,  it  will  be  proper 
to  give  it  a  more  convenient  form  for  logarithmic  computation. 
Put 

e%\nE  =  V  f%mF=d'  1^512^ 

€C08^=C'  fC0SF=fi'C0Qd  }^        ^ 

then  we  have 

P'=a'+€  sin  (§  —  ^  —  C/sin  (,Q  —  F)  (513) 

Since  a'  and  jPare  both  very  small  quantities,  and  a  very  precise 
computation  of  P'  will  seldom  be  necessary  when  its  algebraic 
sign  is  alone  required,  it  will  be  sufficient  in  most  cases  to  neglect 
these  quantities,  and  also  to  put  !^^  for  ^,  and  then  we  shall  have 
the  following  simple  criterion  for  the  case  of  partial  or  annular 
eclipse : 

If    e  sin  (C  —  -^)  <  Cj/  sin  Q,  the  eclipse  is  beginning. 
If    e  sin  (§  —  j^)  >  Ci/  sin  Q,  the  eclipse  is  ending. 

For  total  eclipse,  reverse  these  conditions. 

801.  In  order  to  facilitate  the  application  of  the  preceding  as 
well  as  the  subsequent  problems,  it  is  expedient  to  prepare  the 
values  of  c^,  log  p^,  d^  log  p^^  a',  6',  c',  e,  E^  /,  F^  and  to  arrange 
them  in  tables.  • 


464 


SOLAR  ECLIPSBS. 


For  our  example  of  the  eclipse  of  July  18,  1860,  with  the 
values  of  d  given  on  p.  454,  we  form  the  following  table  by  the 
equations  (495) : 


<li 

log  Pi 

It 

logp. 

0» 

21°    1'  89".5 

9.9987824 

20»  58'  68".0 

9.9998148 

1 

1   14  .0 

28 

58   82.6 

45 

2 

0  48  .5 

22 

58     7.8 

46 

S 

0   22  .9 

21 

52   41  .8 

47 

4 

20    59   57  .4 

20 

52   16  .4 

48 

5 

59   81  .8 

19 

61   50.9 

50 

The  values  of  a:',  y',  and  f,  required  in  (511),  derived  also  from 
the  eclipse  tables  on  p.  454,  by  the  method  of  Art  75,  are  as 
follows : 


z* 

y' 

r 

0» 

+  0.545277 

—  0.160108 

—  0.000088 

1 

6812 

0486 

061 

2 

5810 

0846 

084 

8 

5256 

1188 

107 

4 

6184 

1512 

130 

5 

4928 

1818 

154 

Hence,  by  (511)  we  find  the  values  of  a',  b\  c'  to  be  as  follows. 
The  values  for  interior  contacts  are  seldom  required. 


For  exterior  contecte. 

For  interior  eootacts. 

of 

6' 

if 

a' 

V 

c* 

0» 

1 

2 
8 

4 
6 

-f  0.001856 
-1-  0.000766 
+  0.000176 

—  0.000416 

—  0.001005 

—  0.001596 

-f  0.060842 
+  0.101816 
-f  0.158241 
-f  0.204612 
-f  0.255926 
-f  0.807171 

-f  0.681779 
+  0.616776 
-f  0.601711 
-f  0.586671 
-f  0.571842 
-f  0.566010 

-f  0.001850 
-f-  0.000762 
-f-  0.000176 
-0.000418 

—  0.001000 

-  0.001686 

+  0.060842 
H-  0.101816 
+  0.158241 
-f  0.204612 
-f  0.255926 
H-  0.807171 

-f  0.681166 
+  0.616162 
+  0.601097 
-f  0.686967 
-I-  0.670728 
+  0.666896 

The  values  of  e,  J5,  /,  -P,  for  exterior  contacts^  deduced  from 
these  values  of  b'  and  c',  and  from  rf'  =  —  26".6  sin  1",  by  (512), 
are  as  follows:  # 
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B 

log< 

P 

log/ 

0» 

4»  88'  21" 

9.801989 

—  0<»  1'  44" 

9.888244 

1 

9  22  25 

.795965 

C( 

264 

2 

14  17  17 

.798084 

l( 

285 

3 

19  13  48 

.798255 

« 

805 

4 

24  7  46 

.796604 

« 

826 

5 

28  55  7 

.802928 

c< 

847 

302.  To  illustrate  the  preceding  formulse,  let  us  find  some 
pointa  of  the  outline  of  the  penumbra  on  the  earth's  surface  ai 
the  time  T=^  2*  8*  12*.    For  this  time,  we  have 

a:  =  —  0.00672  log^j=    9.99878  log  t  =  7.66287 

y  =  +  0.57409  df,==  21°    0'  45" 

I  =  +  0.53678  Mi=  30   84  13 

Let  us  find  the  points  for  Q  =  60°  and  Q  =  800°.  The  com. 
putation  may  be  arranged  as  follows : 

Q 


By  (502): 

Hence  by  (504) : 
By  (505):     logC^  = 


By  (506): 
By  (507) : 


log 
log 


By  (508) :      log  f  : 
logc  cos  (<?+  ^) 


\ogc  sin  (C+  di)  = 


Voi^  I.— 80 


a  =  sin  ^  sin  7^ 
6  =  sin  /9  cos  y 

r 

log  COS  (/9  +  0 
iCiSin  Q 
I'm  cos  Q 

i^j  =  log  c  sin  C 

Cj  =  log  c  cos  (7 

log. 

'  log  cos  9Pj  sm  * 

=  log  COS  9Pj  COS  1^ 

log  tan  ^ 

log  COS  ^j 

log  sin  sPi 
lo^  tan  f , 
log  ]/(!  —  ee) 
log  tan  f 

^4—  ^  =  £11 


60» 

800" 

—  0.41788 

+  0.46810 

+  0.22975 

+  0.30662 

—  6P11'52" 

56°  12'  16" 

28  28  52 

83  27  7 

—  6  48 

—  6  59 

28  23  9 

88  20  8 

9.94487 

9.92198 

+  0.00310 

—  0.00333 

+  0.00260 

+  0.00192 

-0.41478 

+  0.45477 

+  0.23235 

+  0.80854 

9.36614 

9.48981 

9.94437 

9.92193 

9.95901 

9.94969 

14"  47' 89" 

20<»16'  9" 

35  48  24 

41  16  64 

n9.61782 

9.65779 

9.86803 

9.82560 

n9.74979 

9.88219 

9.92764 

9.90803 

9.72620 

9.76908 

9.79856 

9.86105 

9.99855 

9.99855 

9.80001 

9.86250 

—  29"  20'  20" 

84<»  11'  46" 

59  54  33 

856  22  27 

32  15  8 

88  4  40 
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To  find  whether  the  eclipse  is  beginning  or  ending  at  these 
places,  we  have,  from  the  table  on  p.  465,  for  T=  2*  8*  12% 


loge 

9.7931 

E 

14°  68' 

Q-E 

85     2 

286°  2' 

log  e  Bin  (C  —  E) 

9.5621 

»i9.7780 

log/ 

9.8883 

logCj/BinC 

9.2170 

n9.2477 

At  the  first  point,  therefore,  we  have  c  sin  (§  —  j^  >  {^^/sin  §, 
and  the  eclipse  is  ending.  At  the  second  point,  we  have 
e  mi{Q  —  E)  <i  Ci/sin  §,  and  the  eclipse  is  beginning. 

Rising  and  Setting  Limits. 

808.  To  find  the  rising  and  setting  limits  of  the  eclipse. — By  these 
limits  we  mean  the  curves  upon  which  are  situated  all  those  points 
of  the  earth's  surface  where  the  eclipse  begins  or  ends  with  the 
sun  in  the  horizon.  It  will  be  quite  sufficient  for  all  practical 
purposes  to  determine  these  limits  by  the  condition  that  tht 
point  Z  is  in  the  horizon.  This  gives  in  (508)  cos^=  0,  or 
{^i  =  0,  and,  consequently,  by  (496),  we  have 

^+^,•=1  (514) 

as  the  condition  which  the  co-ordinates  of  the  required  points 
must  satisfy. 

Now,  let  it  be  required  to  find  the  place  where  this  equation 
is  satisfied  at  a  given  time  T.  Let  x  and  y  be  taken  for  this 
time,  then  we  have,  by  putting  {^1=  0  in  (499), 

Z  sin  Q  =  X  —  $ 

Z  cos  6  =  V  —  » 

Let 

mATiM=^x  pAnY  =  i 

m  cos M=y  p  cos r  =^V 

then,  from  the  equations 

?  sin  Q  =  fnsin3f  —  p  sin  y 
I  cos  Q  =  m  cos  Jf  —  J)  cosy 

we  deduce,  by  adding  their  squares, 

r*  =  m*  —  2mp  cos  (-Sf  —  r)  +P* 

cos  (Jf  —  y)  = ^^ ^-^ 


}(616) 
}(616) 


2  8in«i(Jf  — y)  =  l 


2mp 
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If  then  we  put  >l  =  j3f  —  T',  we  have 


4«»P  .         s   (517) 


in  which  \X  may  always  he  taken  less  than  90®,  hut  the  double 
sign  must  he  used  to  obtain  the  two  points  on  the  surface  of 
the  earth  which  satisfy  the  conditions  at  the  given  time. 

In  this  formula,  m,  M^  and  I  are  accurately  known  for  the 
given  time,  but  p  is  unknown.  It  is  evident,  however,  from 
(514)  and  (515),  that  we  have  nearly  p  =  1,  and  this  value  may 
be  used  in  (517)  for  a  first  approximation.  To  obtain  a  more 
correct  value  of  j^,  let  us  put  f  =  sin  y')  then,  by  (514),  we  have 
j^j=  cos  f^  and,  consequently,  since  7j=  p^rj^y 

p  Biny  =  sin  •/ 

p  cos y  z=z  p^QOB  / 

Hence  we  have 

tan  f=Pi  tan  y  \ 

sin  / p^  cos  /  }    (618) 

sin  Y         cos  y  J 

and  with  this  value  of  p  the  second  computation  of  (517)  will 
give  a  very  exact  value  of  y.  With  this  second  value  of  y'  a  still 
more  correct  value  of  p  could  be  found;  but  the  second  approxi* 
mation  is  always  sufficient. 

With  the  second  value  of  7*,  therefore,  we  find  the  final  value 
of  7*'  by  the  formula 

tan  /  =  p^  tan  y 

and  then,  substituting  the  values  f  =  sin  fj  rji  =  cos  y\  f  j  =  0,  in 
(500),  we  have,  for  finding  the  latitude  and  longitude  of  the 
required  points,  the  formulse 

cos  f  1  sin  *  =       sin  7^ 
cos  f  J  cos  *  =  —  cos  /  sin  d^ 
Bin  f  J  =       cos  /  cos  d^ 


(619) 


w  =  fi^  —  ^  tan  ^  ! 


tan  9Pj 


In  the  second  approximation,  we  must  compute  X  and  j^  by 
(517)  separately  for  each  place. 
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804.  The  sun  is  rising  or  setting  at  the  given  time  at  the 
places  thus  determined,  according  as  i>  (which  is  the  hour  angle 
of  the  point  Z)  is  between  180®  and  860®  or  between  0®  and  180®. 

To  determine  whether  the  eclipse  is  beginning  or  ending,  we 
may  have  recourse  to  the  sign  of  P'  (513);  and  it  will  usually  be 
sufficient  for  the  present  problem  to  put  both  a'  and  {^  =  0  in 
that  expression,  and  then  the  eclipse  is  beginning  or  ending 
according  as  sin  (§  —  ^)  is  negative  or  positive.  Now,  by  (516), 
we  find 

I  sin  (Q^E)  =  m  sin  (-flf  —  ^)  —;)  sin  (j  —  E) 
Hence,  for  points  in  the  rising  or  setting  limits, 

If    m  sin  {M —  -&)  <  p  sin  (/^  —  E\  the  eclipse  is  beginning, 
If    m  sin  (M  —  -&)  >  p  sin  O'  —  E)y  the  eclipse  is  ending. 

805.  In  order  to  apply  the  preceding  method  of  determining 
the  rising  and  setting  limits,  it  is  necessary  first  to  find  the 
extreme  times  between  which  the  time  T  is  to  be  assumed,  or 
those  limits  of  T  between  which  the  solution  is  possible.  The 
two  solutions  given  by  (517)  must  reduce  to  a  single  one  when 
the  surface  of  the  cone  of  shadow  has  but  a  single  point  in 
common  with  the  earth's  surface, — i.e.  in  the  case  of  tangency  of 
the  cone  and  the  terrestrial  spheroid.  Now,  the  two  solutions 
reduce  to  one  only  when  ^  =  0,  and  both  values  of  y  become  =  M; 
but  if  ^  =  0,  the  numerator  of  the  value  of  sin  \X  must  also  be 
zero;  and  hence  the  points  of  contact  are  determined  by  the 
conditions 

Z  -)-  m  —  J)  =  0  and  I  —  m  +  j)  =  0 

or  by  the  conditions 

m=ip  +  1  and  m=p  —  I 

There  may  be  four  cases  of  contact,  two  of  exterior  and  two  of 
interior  contact.  The  two  exterior  contacts  are  the  first  and  last, 
or  the  beginning  and  the  end  of  the  eclipse  generally;  the  axis  of  the 
shadow  is  then  without  the  earth,  and  therefore  we  must  have 
for  thes^  cases  m  =  i/?+~p  =p  +  L 

The  first  interior  contact  corresponds  to  the  last  point  on  the 
earth's  surface  where  the  eclipse  ends  at  sunrise;  the  second, 
to  the  first  point  where  it  begins  at  sunset.    But  these  Interior 
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contacts  can  occur  only  when  the  whole  of  the  shadow  on  the 
principal  plane  falls  within  the  earth,  and  for  these  cases,  there- 
fore, we  must  have  7n=p  —  L 

For  the  beginning  and  end  generally  we  have,  therefore,  by 
(515), 

(p  +  l)  Bin  M==:x 
(p  +  t)  cos  M=y 

Let  The  the  time  when  these  conditions  are  satisfied,  and  put 

T=T,  +  T 

in  which  T^  is  the  epoch  of  the  eclipse  tables,  for  which  the 
values  of  x  and  y  are  x^  and  y^  Then,  x'  and  y'  being  the  mean 
hourly  changes  of  x  and  y  for  the  time  T^  we  have 


a:  =  j:^  +  t.t' 

^    .  y  =  yo  +  ^y' 

Puttmg 

m^  sin  M^  =  x^  n  sin  iV"  =  a/ 

m^  cos  M^  =  y^  n  cos  N=  \f 

the  above  conditions  become 


}    (520) 


whence 


(l>  +  0  ^^"^  M=^m^ sin  Jlfj,  -f- T . n sin  N 
(l?  -f  0  cos  ^=  wip  cos-af^  +  r .  n  cos  JV 

{jp^-V)  sin  (Jf  —  J\r)  =  m^  sin  (Jlf^  —  i\r) 

(;?  +  0  COS  (^  —  ^  =  ^0  <^s  (-^0  —  ^  +  ^ 


so  that,  if  we  put  3f  —  iV=  i//,  we  have 
Bin  4  =  ^o8^n(Jtf,~jr) 

^  =  £±ico84-^cos(Jf.-J\0  \  (521) 

in  whicn  cos  '^  may  be  taken  with  either  the  negative  or  the 
positive   sign;   and  it  is  evident  that  the   first  will  give   the 
beginning  and  the  second  the  end  of  the  eclipse  generally. 
For  the  two  interior  contacts  we  have 

r=  ^  cos  4  _  ^  co6(Jf,  -  J\') 
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These  interior  contacts  cannot  occur  when  p  —  I  \b  less  than 
tWq  sin  ( -Sfj  —  N)y  which  would  give  impossible  values  of  sin  ^, 

In  these  formulee  we  at  first  assume  jp  =  1,  and,  after  finding 
an  approximate  value  of  4^y  we  have,  by  (517),  in  which  A  =  0, 
^  =  Mj  and  in  the  present  problem  M=N+'4^:  therefore 

y  =  N'+^  (523) 

with  which  p  is  found  by  (618),  and  the  second  computation  of 
(521)  or  (522)  will  then  give  the  required  times.  We  must 
employ  in  (523)  the  two  values  of  '4'  found  by  taking  cos  i/^  with 
the  positive  and  the  negative  sign ;  and  therefore  dilBferent  values 
of  ;>  will  be  found  for  beginning  and  ending,  so  that  in  the 
second  approximation  separate  computations  will  be  necessary 
for  the  two  cases. 

In  the  first  approximation  the  mean  values  of  a:',  y\  and  I 
may  be  used,  or  those  for  the  middle  of  the  eclipse.  With  the 
approximate  values  of  r  thus  found,  the  true  values  of  x^j  y% 
^nd  I  for  the  time  T=  TJ,  +  r  may  be  taken  for  the  second 
approximation. 

After  finding  the  corrected  value  of  •>//>  we  then  have  also  the 
true  value  of  7*  =  iV  +  i//  for  each  point,  and  hence  also  the 
true  value  of  y'  by  (518),  with  which  the  latitude  and  longitude 
of  the  points  will  be  computed  by  (519).  For  the  local  apparent 
time  of  the  phenomenon  at  each  place  we  may  take  the  value 
of  z?  in  time,  which  is  very  nearly  the  sun's  hour  angle. 

806.  When  the  interior  contacts  exist,  the  rising  and  setting 
limits  form  two  distinct  enclosed  curves  on  the  earth's  surface. 
If  we  denote  the  times  of  beginning  and  ending  generally,  de- 
termined by  (521),  by  7\  and  T^^  and  the  times  of  interior  con- 
tact, determined  by  (522),  by  y/  and  ST,',  a  series  of  points  on 
the  rising  limit  will  be  found  by  Art.  303,  for  a  series  of  times 
assumed  between  2\  and  7"/,  and  points  of  the  setting  limit  for 
times  assumed  between  iTj'  and  T^ 

When  the  interior  contacts  do  n^t  exist,  the  rising  and  setting 
limits  meet  and  form  a  single  curve  extending  through  the  whole 
eclipse.  The  form  of  this  curve  may  be  compared  to  that  of  the 
figure  8  much  distorted.  A  series  of  points  upon  it  will  be 
found  by  assuming  times  between  T^  and  T^. 

307.  Example.— Let  us  find  the  rising  and  setting  limits  of 
the  eclipse  of  July  18,  1860. 


RISING   AND   SBXTING   LIMITS. 


471 


(  I^Bt — To  find  the  beginning  and  ending  on  the  earth  gene 
rally,  we  have  for  the  assumed  epoch  T^  =  2*,  page  455, 


m„  sin  M^  =  x^  =  -^  0.081244 
m^  cps  itf;  =  y„  =  +  0.596076 

which  give 

log  m^  =  9.77980 
M^  =  862«  14'  19" 

log  m^  Bin  (Jfo  ^N)=  n9.78988 


n  sin  iV=a/==  + 0.5453 
n  cos  i\r=  y'=  —  0.1608 


log  n  =  9.75474 
N=  106*>  25'.8 

5a  cos  (M^  —  JV)  =  —  0.4336 


For  a  first  approximation,  taking  ;>  =  1,  we  find,  by  (621), 

p  +  l  =  1.5867  log  sin  4  =      nd  .5528 

^-±-?cos  +  =  :p   2*.525 

2;  — -^cosCJfo— J\0  =  +  2.484 

Approz.  beginning  2\  =      28*.909      (July  17) 
"        end  T,=        4.959      (July  18) 

Taking  cos  '^  negative  for  beginning  and  positive  for  ending, 
we  have  then,  by  (518)  and  (528), 


log  tan  y 

log  tan  / 
log  sin  / 
log  sin  y 
•       logi? 


For  the  above  computed  times  we  farther  find 


Beginning. 

End. 

200»  55'.4 

339«'  4'.6 

307  21.2 

85  80.4 

n0.11782 

1.10466 

9.99878 

9.99878 

n0.11605 

1.10389 

9.89985 

9.99865,5 

9.90082 

9.99866,3 

9.99953 

9.99999 

0.99892 

0.99998 

0.58687 

0.58640 

1.58579 

1.58638 

log  sf  =  log  n  sin  N 

log  y'  =  log  n  cos  N 

\os  n 


9.73664 
n9.20588 
9.75467 
106^  28'  50" 


9.73654 
n9.20774 
9.75477 
106*^  29'  8" 
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For  a  second  approximation,  therefore,  recomputing  (621), 

\\XT  -finri 


W$ 


now  find 


and  by  (518) : 


log  sin  4 

log  cos  4 

T 

4 

log  tan  / 


n9.55316 

n9.97032 
23*.9098 
200*>  56'  27" 
307    20  17 

n0.11629 


n9.55269 
9.97039 
4».9587 
3390    4' 58" 
85    34    6 
1.10942 


Then,  for  the  latitude  and  longitude  of  the  points,  we  have, 
by  (519), 


9 


210  r42" 

357  9  57 

254  38  67 

102  31     0 

34  38  34 


20*>  59'  33" 

72    54    8 

91    35  43 

841    18  25 

4      9  46 


Therefore  the  eclipse  begins  on  the  earth  generally  on  July  17, 
23*  64"'.6  Greenwich  mean  time,  in  west  longitude  102®  81'  0" 
and  latitude  84®  88'  84",  and  ends  July  18,  4*  67"*.5  in  longitude 
841®  18'  26"  and  latitude  4®  9'  46". 

It  is  evident  that  for  practical  purposes  the  first  approximation, 
which  gives  the  times  within  a  few  seconds,  is  quite  sufficient, 
especially  since  the  effect  of  refraction  has  not  yet  been  taken 
into  account     (See  Art  827.) 

Secondly. — ^We  now  pass  to  the  computation  of  the  curve  which 
contains  all  the  points  where  the  eclipse  begins  or  ends  at  sun- 
rise or  sunset.  In  the  present  example,  this  curve  extends 
through  the.  whole  eclipse,  since  we  have  7n„  sin  (-Mq—  JV)  >  1  —  I: 
hence  the  required  points  will  be  found  for  Greenwich  times 
assumed  between  July  17,  28*.91  and  July  18, 4\96.  Let  us  take 
the  series 

T,  0»,  0*.2,  0*.4,  0».6,  0*.8 4».6,  4*.8 

The  computation  heing  carried  on  for  all  the  points  at  once,  the 
regular  progression  of  the  corresponding  numbers  for  the  suc- 
cessive times  furnishes  at  each  step  a  verification  of  its  correct- 
ness. To  illustrate  the  use  of  the  formulse,  I  give  the  computa- 
tion for  T=  2*.0  nearly  in  full.  For  this  time,  we  find,  fipom 
p.  464  and  p.  464, 


ar  =  m  sin  3f  =  —  0.08124 
y  =moo%M=  +  0,59608 


I  =  0.53675 


(i,=  2P0'49" 
log /9j=  9.99873 
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and  hence 

M=  352*>  14'  21"  log  m  =  9.77931  m  ~  0.60160 

Then,  by  (517),  taking  p  =  1,  we  have 

ar.  CO.  log  4mp  9.61863 

l^m^p  =  0.18836 log  9.14098 

l^n^^p  =  0.93515 log  9.97088 

A  =  26^  49'  log  sin«  i  X  8.73049 

With  this  first  approximate  value  of  X  we  find  the  value  of />  fof 
each  of  the  two  points,   by  (518),  as  follows : 


M±X  =  r 

log  tan  y 

log  p^  tan  y  =  log  tan  / 

COS/' 

p 


log^ 


log;? 


19^3' 

9.53820 

9.53693 

9.99887 

0.99740 


Repeating  (517)  with  these  values  of  p : 


ar.  CO.  log  4  mp 
log(Z  +  m-^p) 
log  (^l-^m+p) 

log  sin' }  X 

±X 

M±x  =  r 

log  tan  y 
log  tan  / 

Henc^,  by  (619), 

For  7=  2*.  (p.  456),       fi^ 
liocal  app.  time  =  tj^  in  time, 


9.61976 
9.14907 
9.96967 


8.73850 
+  27^    4'    4" 
19    18  25 
9.54448 
9.54321 


135^45'    4" 

28    31  12 

252    46    8 

61    52  35 

9»    8-.0 

Sunset. 


325^  25 
9.83849 
9.83722 

9.99914 

0.99802 


9.61949 
9.14715 
9.96996 


8.73660 
—  27<»   0'  26" 
325   13  65 
n9.84148 
n9.84021 


242^  36'  45" 


28 

145 

50 


31  12 
64  27 
13  46 
16*  10-.45 
Sunriee. 


To  find  whether  the  eclipse  is  beginning  or  ending  at  these 
points,  we  have,  from  p.  465,  and  by  Art.  304, 


14°  17' 

n9.8588 

n9.8538 

8.9406 

n9.8772 

Beginning. 

Ending. 

log  m  sin  (M —  J^) 
logp  sin    (/--JE) 


In  the  same  manner  are  found  the  results  given  in  the  following 
table: 
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80LAB  ECLIPSE,  July  18,  I860.— RISING  AND  SE1 

<TINO  L1UIT& 

Oreenwioh 

Latitude. 

Long.  W.  from 
Oreenirioli. 

Looal 
App.  Time. 

-'  1 

Mean  Time. 

^ 

u 

« 

o».o 

+  44»  27' 

110»85' 

16»  31-7 

Begins 

at  Sanriae. 

.2 

52    84 

121    88 

15   59  .8 

(C 

tt 

.4 

58      1 

132    21 

15  28  .7 

(( 

tt 

.6 

62    10 

144     2 

14  58  .9 

u 

U 

.8 

65    21 

157      6 

14  13  .7 

« 

tt 

1.0 

67    86 

171    46 

18  27  .0 

« 

tt 

.2 

68   49 

187    56 

12  34  .4 

It 

tt 

.4 

68    58 

204    56 

11  38  .8 

It 

Sunset. 

.6 

67    65 

221    51 

10  42  .7 

« 

tt 

.8 

65    87 

237    54 

9  50  .5 

« 

tt 

2.0 

61    58 

252    46 

9     8  .0 

« 

tt 

.2 

56    16 

266   88 

8  19  .9 

a 

It 

.4 

48     5 

279    17 

7  41  .0 

u 

tt 

.6 

87    15 

290    86 

7     7  .7 

u 

tt 

.8 

25     6 

800    12 

6  41  .8 

tt 

u 

8.0 

13    36 

808    12 

6  21  .8 

u 

tt 

.2 

+    8    59 

815     0 

6     6  .1 

a 

tt 

.4 

—    8    24 

320    50 

5  54  .8 

tt 

tt 

.6 

—    8   43 

825    53 

5  46  .5 

« 

tt 

.8 

—  12    14 

380    17 

5  41  .0 

« 

tt 

4.0 

—  14    11 

334     4 

5  37  .8 

(( 

tt 

.2 

—  14   48 

337    19 

5  36  .8 

tt 

u 

.4 

—  14     6 

340     2 

5  88  .0 

Ends 

tt 

.6 

—  11    56 

342      9 

5  41  .5 

(1 

(1 

.8 

—    7    82 

843    25 

5  48  .4 

(( 

« 

0.0 

+  25   45 

99    10 

17   17  .4 

Begin*  at  Sanrise. 

.2 

20     1 

99    33 

17  27  .9 

tt 

It 

.4 

17    16 

101    22 

17   32  .6 

It 

tt 

.6 

16     7 

103    52 

17  84  .6 

Ends 

It 

r 

.8 

16    17 

106    56 

17  84  .8 

« 

It 

1.0 

17   46 

110    34 

17  81  .8 

« 

(( 

.2 

20   42 

114    50 

17  26  .7 

« 

« 

.4 

25    17 

119    57 

17  18  .8 

« 

l< 

.6 

31    45 

126    14 

17     5  .2 

tt 

<( 

.8 

40     0 

184    15 

16  45  .0 

tt 

(( 

2.0 

50    14 

145    54 

16  10  .5 

(t 

u 

.2 

60    21 

163    47 

15  10  .0 

tt 

« 

.4 

67    27 

191    48 

18  81  .2 

tt 

<( 

.6 

68    55 

224    18 

11  32  .9 

tt 

Snnset 

■ 

.8 

66    27 

.249     7 

10     6  .6 

u 

« 
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80LAB  ECLIPSE,  July  18,  I860.— RISING  AND  SETTING  LltSTIS.—iContimud.) 

Latitude. 

Long.  W.  from 

Looal 

Greenwich 

Green  wieh. 

App.  Time. 

Mean  Time. 

* 

o 

* 

8».0 

+  62°  43' 

265°  87' 

9»  11-6 

Ends  at  Sunset. 

.2 

58    44 

277    27 

8  36  .8 

«              (1 

.4 

54    42 

286    49 

8  10  .8 

«                        K 

.6 

50    85 

294    47 

7  51  .0 

C<                        « 

.8 

46    21 

301    53 

7  84  .6 

«                        « 

'     4.0 

41    55 

308    26 

7  20  .8 

«                        « 

2 

87    10 

814    40 

7     7  .4 

«                        U 

.4 

81    57 

820    43 

6  55  .2 

l<                       K 

.6 

25    65 

826    48 

6  42  .9 

«                        « 

.8 

18    11 

838    18 

6  28  .9 

«                        <( 

These  points  being  projected  upon  a  chart  (see  p.  504),  the 
whole  curve  may  be  accurately  traced  through  them.  It  will  be 
seen  that  the  method  of  assuming  a  series  of  equidistant  times 
gives  more  points  in  those  portions  of  the  curve  where  the 
curvature  is  greatest  than  in  other  portions,  thus  facilitating  the 
accurate  delineation  of  the  curve.  This  advantage  appears  to 
have  been  overlooked  by  those  who  have  preferred  methods 
(such,  for  example,  as  Hansen's)  in  which  a  series  of  equidistant 
latitudes  is  assumed. 

808.  The  preceding  computations  have  been  made  for  the 
penumbra ;  but  we  may  employ  the  same  method  to  determine 
the  rising  and  setting  limits  of  total  or  annular  eclipse  by 
employing  in  the  formulae  the  value  of  I  for  interior  contacts. 
These  limits,  however,  embrace  so  small  a  portion  of  the  earth's 
surface  that  they  are  practically  of  little  interest. 


Curve  of  Maximum  in  the  Horizon. 

809.  To  find  the  curve  on  which  the  maximum  of  the  eclipse  is  seen 
at  svnrise  or  sunset, — ^When  a  point  of  the  earth's  surface  whose 
co-ordinates  are  f,  7,  and  ^  is  ^^^  o^  the  surface  of  the  cone  of 
shadow,  but  at  a  distance  J  from  the  axis  of  the  cone,  we  have 
the  conditions  (485), 

JsinC  =  a:-f  1     ^524) 

Jco8Q  =  y  — 11  J 
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The  amount  of  obscuration  depends  upon  the  distance  by 
which  the  place  is  immersed  within  the  shadow,  that  is,  upon  the 
distance  i—  J,  i  being  the  radius  of  the  shadow  on  the  parallel 
plane  at  the  distance  ^  from  the  principal  plane.  For  the 
maximum  of  the  eclipse,  therefore,  we  have  the  condition 


dT        dT 

Differentiating  the  above  equations  relatively  to  the  time,  and 
denoting  the  derivatives  of  x,  y,  &c.  by  accents,  as  in  Art  SOO, 
we  have 

dd  dO 


which  give 


dA 

=  Qif—e')  sin  q  +  (y'—  V)  COS  Q 


dT 
The  equation  L=l  —  i!^  givea 

dT 
and,  therefore, 

r-  iC-  (a:'-  r)  sin  C  -  (y'-  V)  cos  C  =  0  (525) 

or,  by  (510), 

P'=:0  (526) 

This  is,  therefore,  the  general  condition  which  characterizea 
the  maximum  of  the  eclipse  at  a  given  time.  In  the  present 
problem  we  have  also  the  condition  that  the  sun  is  in  the  horizon, 
for  which  we  may,  as  in  Art.  303,  substitute  the  condition  Ci  =  0. 
Since,  however,  the  instant  of  greatest  obscuration  is  not  subject 
to  any  nice  observation,  a  very  precise  solution  of  the  problem 
is  quite  unimportant,  and  we  may  be  satisfied  with  the  approxi- 
mate solution  obtained  by  supposing  C  =  0,  and  at  the  same 
time  neglecting  the  small  quantity  a'  in  P'.  The  condition 
(526)  will  then  be  satisfied  when  in  (613)  we  have 

sin  (C  —  J5?)  =  0 
that  is,  when 

Q  =  E  or  q  =  180^  +  E 
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Hence,  for  any  given  time,  the  conditions  (524)  become 

±  J  sin  ^  =  a;  —  f 
=bi4coBj&  =  y  —  iy 

which  with  the  condition 

f  +  V^l 

must  determine  the  required  points  of  our  curve.  The  angle  E 
is  here  known  for  the  given  time,  being  directly  obtained  from 
its  tabulated  values,  but  J  is  unknown.  Putting,  as  in  the 
preceding  problem. 


msin  M=x                  p  8iny  =  ( 

we  have 

±:  J  sin  i?  =  m  sin  Jf  — 1>  sin  ;* 

whence 

±:  J  cos  E  —  m  cos  Jf  —  jp  cos  ^^ 

0  =  m  sin  (ilf  —  E)  —p  sin  (/ —  E) 
±  J  =  m  cos  (ilf  —  E)  —  pcos(]r  —  E) 

Therefore,  putting  '4'  =  r  "~-^>  ^®  ^^^® 

8in  +  = ^^ 

P 

±:  J  =  m  cos  ( Jf  —  ^)  —  p  cos  4 


(527) 


The  first  of  these  equations  will  give  two  values  of '4',  since  we 
may  take  cos  '4^  with  the  positive  or  the  negative  sign ;  but,  as 
only  those  places  satisfy  the  problem  which  are  actually  vnthin 
the  shadow,  we  must  have  J  <  f,  or,  at  least,  J  not  greater  than  l. 
That  value  of  i^  which  would  give  J>  I  must,  therefore,  be 
excluded :  so  that  in  general  we  shall  have  at  a  given  time  but 
one  solution. 

It  will  be  quite  accurate  enough,  considering  the  degree  of 
precision  above  assigned,  to  employ  in  (527)  a  mean  value  of  p, 
or,  since  p  falls  between  p^  and  unity,  to  take  log  p  =  i  log  py 
But,  if  we  wish  a  more  correct  value,  we  have  only  to  take 

r  =  ^  +  E  (528) 

and  then  find  ;>  as  in  (518) ;  after  which  (527)  must  be  recom- 
puted. 
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Having  found  the  true  value  of  '^^  by  (527),  and  of  y  by  (628)| 
we  then  have  /*'  by  the  equation 

tan;^=/)j  tan;* 

and  the  latitude  and  longitude  of  each  point  of  the  curve  by  (519). 
The  limiting  times  between  which  the  solution  is  possible  will 
be  known  from  the  computation  of  the  rising  and  setting  limits, 
in  which  we  have  already  employed  the  quantity  m  sin  (M—JE); 
and  the  present  curve  will  be  computed  only  for  those  times  for 
which  m  sin  {M —  ^  <  ?.  These  limiting  times  are  also  the  same 
as  those  for  the  northern  and  southern  limiting  curves,  which 
will  be  determined  in  Art.  318. 

810.  The  degree  of  obscuration  is  usually  expressed  by  the 
fraction  of  the  sun's  apparent  diameter  which  is  covered  by  the 
moon's  disc.  When  the  place  is  so  far  immersed  in  the  penumbra 
as  to  be  on  the  edge  of  the  total  shadow,  the  obscuration  is  total ; 
in  this  case  the  distance  of  the  place  from  the  edge  of  the 
penumbra  is  equal  to  the  absolute  difference  of  the  radii  of  the 
penumbra  and  the  umbra,  that  is,  to  the  algebraic  sum  L  +  A> 
Jjy  denoting  the  radius  of  the  umbra  (which  is,  by  Art.  298, 
negative) ;  but  in  any  other  case  the  distance  of  the  place  within 
the  penumbra  is  L  —  J:  hence,  if  D, denotes  tho  degree  of 
obscuration  expressed  as  a  fraction  of  the  sun's  apparent 
diameter,  we  shall  have,  veiy  nearly, 

D  =  ^^  (529) 

This  formula  may  also  be  used  when  the  eclipse  is  annular,  in 
which  case  JLj  is  essentially  positive ;  and  even  when  J  is  zero, 
and  the  eclipse  consequently  central,  the  value  of  D  given  by 
the  formula  will  be  less  than  unity,  as  it  should  be,  since  in  that 
case  there  is  no  total  obscuration. 
In  the  present  problem  we  have 

D  =  ^^^  (629<9 

l  +  k 

in  which  I  and  l^  are  the  radii  of  the  penumbra  and  umbra  on 
the  principal  plane,  as  found  by  (488). 

ExAMPLB. — ^In  the  eclipse  of  July  18, 1860,  compute  the  curve 
on  which  the  maximum  of  the  eclipse  is  seen  in  the  horizon^ 


CURVB  OF  MAXIMUM   IN  THB  HORIZON. 
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In  the  computation  of  the  rising  and  setting  limits,  the 
quantity  m  sin  {M—  E)  was  less  than  unity  only  from  r=  0*.6 
to  3r=  4*.2 :  so  that  the  present  curve  may  be  computed  for  the 

series  of  times  0*.6,  0*,8 4*.0,  4*.2.    For  an  approximate 

computation  we  may  take  log;)  =  J  log  jt>i=  9.9994,  and  employ 
only  four  decimal  places  in  the  logarithms  throughout. 

The  computation  for  jr=  2*  is  as  follows.  For  this  time  we 
have  already  found  (p.  478) 

logm 

M 

E 

Hence,  by  (527),  M  —  E 

logm  sin  (-If  —  E) 

logjp 

log  sin  ^ 

log  cos  4 

log  J)  COS  4 

log  m  COS  (ji  —  E) 

m  cos  {M  —  E) 

p  COB  4 

A 


9.7793 
362°  14'.4 
14    17.3 
837    67.1 
n9.3538 
9.9994 


n9.8544 
9.9886 
9.9880 
9.7463 


+  0.6575 
+  0.9727 


0.4152 


Here,  if  cos  i^  were  taken  with  the  negative  sign  we  should 
find  J=  1.5802,  which  is  greater  than  L  Taking  it,  therefore, 
with  the  positive  sign  only,  we  have 


4 

—  IS"    4'.8 

+  +  ■2 

'  =  r 

-1,   1    13. 

logPi 

=  9.9987 

log 

iany 

8.3271 

log 

tan/ 

8.3258 

wiih  which 

we  find,  by  (519), 

m 

9 

176°  87'.2 
28    81.2 

211    54 
69      1 

App.  time 

=  «in 

time 

11*  46-5 
Snnset. 

To  expreea  the  degree  of  obscaration  according  to  (529*)  we 
have,  taking  the  mean  values  of  I  and  ^  (p.  454), 


I  =      0.5866 

\—  —  0.0092 

?+!,=      0.5274 


Z  —  J  =  0.1214 
0.5274 


In  the  same  manner  all  the  following  results  are  obtained : 
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SOLAR  ECLIPSE,  July  18,  ISeO.-^URVE  OF  MAXIMUM  OF  THE  ECLIPSE 

IN  THE  HORIZON. 


Latitude. 

Long.  W.  from 

App.  Local 

Degree  of 

Greenwielt 

OTMnirieh. 

Time. 

Obemmrtlon. 

MeaaT. 

* 

u 

* 

2) 

0».6 

+  24°  44' 

10T>  41' 

17*  19-.8 

0.80 

0.8 

87  47 

117    47 

16   50  .9 

.76 

1.0 

47     3 

127    49 

16   22  .8 

.97 

1.2 

54  31 

189      1 

15   50  .0 

.74 

1.4 

60  38 

152    24 

15     8  .6 

.56 

1.6 

65  20 

169      0 

14   14  .1 

Al 

1.8 

68   16 

189    16 

13     5  .0 

.31 

2.0 

69     1 

211    64 

11  46  .6 

.23 

2.2 

67  34 

233    32 

10  31  .9 

.18 

2.4 

64  20 

251    42 

9  31  .3 

.17 

2.6 

59  55 

266    11 

8  45  .3 

.17 

2.8 

54  41 

277    50 

8  10  .8 

.21 

8.0 

48  52 

287    81 

7  44  .0 

.28 

3.2 

42  85 

295    56 

7   22  .4 

.37 

3.4 

35  49 

308    30 

7     4  .1 

.50 

3.6 

28   28 

310    33 

6  47  .9 

.67 

3.8 

20   21 

317    22 

6  32  .6 

.89 

4.0 

+  11     2 

324    15 

6  17  .2 

.87 

4.2 

—    0  45 

831    14 

6     1  .1 

.48 

Northern  and  Southern  Limiting  Curves. 

811.  To  find  the  northern  and  southern  limits  of  the  ecUpst  on  the 
earth's  surface. — These  limits  are  the  curves  in  which  are  situated 
all  the  points  of  the  surface  of  the  earth  from  which  only  a  Bingl« 
contact  of  the  discs  of  the  sun  and  moon  can  be  observed,  the 
moon  appearing  to  pass  either  wholly  south  or  wholly  north  of 
the  sun.  They  may  also  be  defined  as  curves  to  which  the  out- 
line of  the  shadow  is  at  all  times  in  contact,  during  its  progress 
across  the  earth. 

The  solution  of  this  problem  is  derived  from  the  consideration 
that  the  simple  contact  is  here  the  maximum  of  the  eclipse,  so 
that  we  must  have,  as  in  (526), 

and  consequently,  by  (513), 

a'  +  e  sin  iQ  —  E)  =  C/sin  iQ^-F)  (680) 
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For  any  given  time  T,  therefore,  we  are  to  find  that  point  of 
the  outline  of  the  shadow  on  the  surface  of  the  earth  for  which 
the  value  of  Q  and  its  corresponding  Z  satisfy  this  equation. 
This  can  be  effected  only  indirectly,  or  by  successive  approxima- 
tions. For  this  purpose,  we  must  know  at  the  outset  an  approxi* 
mate  value  of  Q;  and  therefore,  before  proceeding  any  further, 
we  must  show  how  such  an  approximate  value  may  be  found. 

HVe  can  readily  determine  sufficiently  narrow  limits  between 
which  Q  may  be  assumed.  For  this  purpose,  neglecting  a'  in 
(680),  as  well  as  -P,  which  are  always  very  small,  we  have, 
approximately, 

C8in(C  — JS)  =  C/sm  Q 

The  extreme  values  of  {^  are  {;  =  0  and  C  =  !•    The  first  gives 
&m(Q  —  ]E)  =  0,  and  therefore  for  a  first  limit  we  have 


Q- 

=  E 

or 

Q  =  180°  +  E 

The  second 

gives 

whence 

e  sin 

(Q-S) 

=/8in  Q 

Put 

tan(C- 

-iE)  = 

'+^t»niE 
e-f 

tan  4  =  ^-^ tan  JJ? 
e—f 

then  the  equation  tan  (§  —  J  J&)  =  tan  ij/  gives  for  our  second 
limits 

Q  =  IE+'^  or  C  =  180°  +  i-B  +  4 

To  compute  n^/  readily,  put 


tanv  =  — 
e 

then 

tan  4  =  tan  (45**  +  v)  tan  iS 

and  Q  is  to  be  assumed 

between  E  and  }  ^  -f  4 
or  between  180**  +  E  and  ISO**  +  J  ^  +  4 
Voii.  L— SI 


(581) 
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These  limits  may  be  computed  in  advance  for  tbe  principal 
hours  of  the  eclipse  from  the  previously  tabulated  values  of 
Ej  e,  and  /,  and  an  approximate  value  of  Q  may  then  be  easily 
inferred  for  a  given  time  with  sufficient  precision  for  a  first 
approximation. 

When  the  shadow  passes  wholly  within  the  earth,  there  are 
two  limiting  curves,  northern  and  southern.  For  one  of  these 
Q  is  to  be  taken  between  E  and  J  J&  +  t^  ;  for  the  other,  between 
180^  +  -Fand  180®  +  |  ^  +  t^.  Since  ^is  always  an  acute  angle, 
positive  or  negative,  it  follows  that  when  Q  is  taken  between 
E  and  |  J&+  -v//,  its  cosine  is  in  general  positive,  while  it  is  nega- 
tive in  the  other  case.  The  equation  9  =  y  —  (i  —  iC)  cos  Q 
shows  that  tj  will  be  less  in  the  first  case  and  greater  in  the 
second,  and  hence  (he  values  of  Q  between  E  and  ^  E  +  t^  belong 
to  the  southern  Umit^  and  the  values  of  Q  bctxoeen  180°  +  E  and 
180°  +  \  E  +  n^,  belong  to  tlie  northern  limit. 

There  is  only  one  limit,  northern  or  southern,  when  one  of  the 
series  of  values  of  Q  would  give  impossible  values  of  ^  '^^  ^® 
computation  of  the  outline  of  the  shadow  by  Art.  298.  But  when 
the  rising  and  setting  limits  have  been  determined,  the  question 
of  the  existence  of  one  or  both  of  the  noi'thern  and  southern 
limits  is  already  settled ;  for  if  the  rising  and  setting  limits  extend 
through  the  whole  eclipse  in  north  latitude,  only  the  southern 
limiting  curve  of  our  present  problem  exists,  and  vice  versa; 
while  if  the  rising  and  setting  limits  form  two  distinct  curves, 
we  have  both  a  northern  and  southern  limiting  curve ;  and  the 
latter  must  evidently  connect  the  extreme  northern  and  southern 
points  respectively  of  the  two  enclosed  rising  and  setting  curves. 
In  our  example  of  the  eclipse  of  July  18,  1860,  there  exists  only 
the  southern  limiting  curve  of  the  present  problem,  the  penum- 
bral  shadow  passing  over  and  beyond  the  north  pole  of  the  earth. 

Having  assumed  a  value  of  §,  we  find  f  ^  by  the  equations  (502), 
(504)  and  (505),  and  then  C  by  (509).  This  computed  value  of  C 
and  the  assumed  value  of  Q  being  substituted  in  (530),  this  equa- 
tiion  will  be  satisfied  only  when  the  true  value  of  Q  has  been 
assumed.  To  find  the  correction  of  Q^  let  us  suppose  that  when 
the  equation  has  been  computed  logarithmically  we  find 

log  C/ sin  (C  —  J')  —  log  [a'  +  «  sin  (C  —  ^)]  =K 
If  then  d  Q  and  d(^  are  the  corrections  which  Q  and  f  require  in 
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order  to  reduce  x  to  zero,  we  have,  by  differentiating  this  equation, 

IcotHQ-F) ecosjQ-E)     1.1g.^^^_, 

L       ^^         ^        of  +  esmiQ  —  E)X  A        AC 

in  which  A  is  the  reciprocal  of  the  modulus  of  common  logarithms. 
In  this  differential  equation  we  may  neglect  a'  without  sensibly 
affecting  the  rate  of  approximation.    If  then  we  put 

d: 
we  shall  have 


cot  {Q  —  E)  —  cot  (Q  —  2?*)  +  J 


This  value  of  dQ  is  yet  to  be  reduced  to  seconds  by  multiplying 
it  by  cosec  1"  or  206265". 

To  find  g^  we  may  take,  as  a  sufficiently  exact  expression  for 
computing  dQ^ 

dC, 

:^dQ 

and  by  differentiating  (502)  (omitting  the  fiictor  />„  which  will 
not  sensibly  affect  g), 

COB  fi  sin/  dfi  +  sin  fi  cob^  dy  =  ^l  cob  Q  dQ 
COB  fi  co&r  dfi  —  sin  /9  sin  r  dy  =^       ?  sin  ^  dQ 

whance,  by  eliminating  rf/*, 


dfi       iBiniQ-r) 

dQ            cosyS 

By  (505)  a  sufficiently  exact  value  of  f,  for  our  present  pur- 

pose is 

:,=C08y9 

whence 

dQ                   dQ 

g  —  ltimfiBw^fiBm{Q~r>                      (582) 

Putting,  finally, 

0  =  cot(Q  —  S)- 

Bin{Q'-E)BiR(^Q^F) 
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we  liave 

[5.67664> 

in  which  5.67664  is  the  logarithm  of  ^  X  206265". 

When  the  true  value  of  Q  has  thus  been  found,  the  corre- 
sponding latitude  and  longitude  on  the  earth's  surface  are  found 
aa  in  Art.  298. 

812.  The  preceding  solution  of  this  problem  (which  is  com- 
monly regarded  as  one  of  the  most  intricate  problems  in  the 
theory  of  eclipses)  is  very  precise,  and  the  successive  approxl 
mations  converge  rapidly  to  the  final  result.  For  practical  pur 
poses,  however,  an  extremely  precise  determination  of  the  limit- 
ing curves  of  the  penumbra  is  of  little  importance,  since  no 
valuable  observations  are  made  near  these  limits.  I  shall,  there- 
fore, now  show  how  the  process  may  be  abridged  without  making 
y.    ^  any  important  sacrifice  of  accuracy. 

In  the  first  place,  it  is  to  be  observed 
that  great  precision  in  the  angle  Q 
is  unnecessary.  If  LM^  Fig.  43,  is 
the  limiting  curve  which  is  tangent 
at  ^  to  the  shadow  whose  axis  is  at 
*  (7,  and  if  Q  is  in  error  by  the  quan- 
tity ACA\  the  point  determined  will  be  (nearly)  A'  instead  of  A, 
Now,  although  A'  may  be  at  some  distance  from  A^  it  is  evident 
that  it  will  still  be  at  a  proportionally  small  distance  from  the 
limiting  curve.  In  fact,  we  may  admit  an  error  of  several 
minutes  in  the  value  of  §  without  sensibly  removing  the  computed 
point  from  the  curve.  The  equation  (580),  which  determines  §, 
may,  therefore,  without  practical  error  be  written  under  the 
approximate  form 

€8in(C  — -B)  =  C,/8ine 

and  in  this  we  may  employ  for  f  ^  the  value 

Ci  =  008)9 

Hence,  having  found  ^  from  (602)  by  employing  the  first  assumed 
value  of  $,  we  then  have 

Bin(Q~^)_/co8/9 
BinC  ^ 
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whence 

tan  (C  -  Jif)  =  ^^t/?^  tan  i^ 

by  which  a  second  and  more  correct  value  of  Q  can  be  found. 
This  equation  will  be  readily  computed  under  the  following  form  : 


tan  i/  =  —  cos  iJ 

«  V  (536) 

tan  (Q  —  iE)  =  tan  (45°  +  /)  tan  iE 


1 


The  value  of  Q  thus  detennined  may  be  regarded  as  final,  and 
we  may  then  proceed  to  compute  the  latitude  and  longitude  by 
the  equations  (502)  to  (508).  In  this  approximate  method,  loga- 
rithms of  four  decimal  places  will  be  found  quite  sufficient. 

813.  For  the  computation  of  a  series  of  points  by  the  preceding 
method,  it  is  necessary  first  to  determine  the  extreme  times 
between  which  the  solution  is  possible.  It  is  evident  that  the 
first  and  last  points  of  the  curve  are  those  for  which  ^^=  0,  and, 
consequently,  Q  =  E^  or  §  =  180®  +  -K  It  is  easily  seen  that 
these  points  are  also  the  first  and  last  points  of  the  curve  of 
maximum  in  the  horizon  (Art.  809),  and,  therefore,  the  limiting 
times  are  here  the  same  as  for  that  curve.  If,  however,  we  wish 
to  determine  these  limiting  times  independently  (that  is,  when 
the  rising  and  setting  limits  have  not  been  previously  computed), 
the  following  approximative  process  will  give  them  with  all  the 
precision  necessary. 

Since  Q  =  EyOT  =  180°  +  Ej  we  have,  at  the  required  time, 

^^x^ilAnE  I     53g^ 

ri=z  y  z^IqobE  } 

together  with  the  condition  (514),  for  which  we  may  here  employ 

P  +  ri^  =  l 

If  we  put  f  =  sin  /*,  this  condition  gives  tj  =  cos  f.  We  have, 
by  (612), 

sm  -B  =  —  cos  ^  =  — 

e  e 

and  we  may  here  regard  e  as  constant.  Let  the  required  time 
be  denoted  by  T=  Tq+  t^  T^  being  an  assumed  time  near  the 
middle  of  the  eclipse.    Let  b^^  c/,  be  the  values  of  6'  and  c'  for 
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the  time  TJ,,  and  denote  their  hourly  changes  by  6"  and  c" ;  then 
we  have,  for  the  time  T, 

and  hence,  JEJ,  being  the  tabulated  value  of  E  for  the  time  T^ 
sin  -K  =  sin  -Eu  H t  cos  j&  =  cos  JSL  H r 

If,  also,  Xp,  y^,,  are  the  values  of  x  and  y  for  the  time  T^  a/  and/ 
their  hourly  changes,  we  have 

a:  =  Xo  +  a/T  yzrry^  +  y'r 

and  the  equations  (586)  become 

sin  r  =  ar^  =P  Z  sin  Jg;  +  (  j:?'  =F  —  V'\c 

cosy  =  yoq=  Zcos-E^  +  ly'q:  j^'j^ 

Let  m,  J!f,  n,  j!\r,  be  determined  by  the  equations 
m  sin  Jlf  =  ar^  qi  ?  sin  B^ 
m  cos  Jf  =  y^  q:  Z  cos  E^ 

tt  sin  JV^=  a/  T  -  ft"  ^    (537) 

n  008^^=^^:  —  c" 

in  which  the  upper  sign  is  to  be  used  for  the  southern  and  the 
lower  sign  for  the  northern  limit ;  then,  from  the  equations 

sin  ^  =  wi  sin  Jf  +  n  sin  N ,  r 

COS/'  =  m  cos  Jf  +  »  cos N .  r 
we  derive 

sin  (y  —  N)  =  m  sin  ( Jf  —  N) 

cos  (y  —  JV^  =  m  cos  (^M  —  -W)  +  nr 

Hence,  putting  y  —  j!V=  ^'^ 

sin  4  =  m  sin  {M  —  N) 

_  C0S4       m  cos  {M  —  .y) 
n  n 

It  is  evident  that  cos  ij/  is  to  be  taken  with  the  negative  sign  for 
the  first  point  and  with  the  positive  sign  for  the  last  point  of 
the  curve. 


(688) 
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To  find  the  latitude  and  longitude  of  the  extreme  points,  we 
take  ;•  =  iV+  A^,  tan  7^  =  /Oj  tan  /•,  and  proceed  by  (519). 

Example. — To  find  the  southern  limit  of  the  eclipse  of  Jul} 
18, 1860. 

Mrst.  To  find  the  extreme  times. — Taking  2^=  2*,  we  have, 
from  our  tables,  pp.  454,  455,  and  pp.  464,  465, 


X,  =  —  0.0812 

y,  =  + 0.5961 

{ =      0.5867 

E,  =      140  17' 

log  e  =      9.7977 


or*  =  +  0.5463 
y'=  — 0.1610 

6"= +  0.0514 
c"=  — 0.0151 


where  we  take  mean  values  of  a/,  y',  &c.    From  these  we  find 
by  (537),  taking  the  upper  signs  in  the  formulae, 

log  m  =  9.8555 
log  n  =  9.7182 

Hence,  by  (538), 

log  sin  ( Jf  —  iV)  =  n8.7354 
log  sin  4  =  n8.0909 
log  COB  4=    0.0000 


M=  289»  85' 

iV=  106    28 

Jf— iV=188     7 


log  COS  (M—N)=:  n9.9994 
_mcos(Jf-if)^        ,^33 
n  * 


qr  1  .918 


cos  4 
n 

T=  —  1  .480 
orr=  +  2  .346 

Therefore,  for  the  first  and  last  points  of  the  curve  we  have, 
respectively,  the  times 

T,  =  2*  —  1».480  =  0*.520 
r,  =  2   +2.346  =  4.346 

To  find  the  latitude  and  longitude  of  the  extreme  points  corre- 
sponding  to  these  times,  we  have 


4 

Firet  Point. 

LMt  Point. 

180°  42' 

—      0°42' 

r  =  iv  +  4 

287    10 

105    46 

log  tan  ]^ 

n0.5102 

nO.5492 

log />,  =  9.9987 

log  tan  / 

n0.5089 

nO.5479 

d^ 

21°    1'.4 

20°  59'.8 

Ih 

6    19.2 

63   42.7 

^ 
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Henne,  by  (519), 

m 

102'  4ff 

889"  av 

9 

16     6 

-    U   47 

Second.  To  find  a  series  of  points  on  the  curve. — ^We  begin  by 
computing  the  limits  of  Q  for  the  hours  0*,  1*,  2*,  8*,  4*,  6*.  Thus, 
for  0*  we  have,  from  the  table  p.  465,  and  by  (581), 


T 
log/ 
loge 
log  tan  V 

V 

log  tan  (45"  +  x) 

log  tan  \E 

log  tan  4 

4 


0* 
9.8882 
9.8019 
9.5868 
21°    5'.6 
2    16.7 
0.8588 
8.5997 
8.9580 
5°   7'.7 
7   24.4 


For  the  southern  limiting  curve,  Q&lls  betvreeh  E  and  \E+'^y 
i.e.,  for  0*,  between  4°  83'  and  7°  24'.  In  the  same  manner  we 
form  the  other  numbers  of  the  following  table : 


T 

Lower  limit  of  Q. 

Upper  limit  of  Q. 

0* 

4»88' 

7*24' 

1 

9    22 

15    18 

2 

14    17 

28    18 

3 

19    14 

80    58 

4 

24     8 

88     4 

5 

28    55 

44    86 

The  points  of  the  curve  are  to  be  computed  for  times  between 
0*.520  and  4*.846,  and  we  shall,  therefore,  assume  for  T  the 

series  0*.6,  0*.8,  1*.0 4*,0,  4*.2,  which,  with  the  extreme 

points  above  computed,  will  embrace  the  whole  curve. 

Instead  of  determining  Q  for  each  of  these  times  by  the 
method  of  Art.  812,  it  will  be  sufficient  to  determine  it  for  the 
hours  1*,  2*,  8*,  4*,  and,  hence,  to  infer  its  values  for  the  inter- 
veniilg  times.     Thus,  for  T=  1*,  assuming  Q  =  12®,  which,  is  a 
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mean  between  its  two  limiting  values,  we  proceed  by  the  equa^ 
tions  (502),  for  which  we  can  here  use 


Bin  /9  sin  ^  =  0?  —  I  sin  Q 
sin  fi  COS;'  =  y  —  /  cos  Q 


as  follows : 


For  r^=l* 


X 

y 
I 

Assume  Q 

a  =  rr  —  Z  sin  C 

h  =y  —  Z  cos Q 

log  a  =  log  sin  fi  sin  y 

log  b  =  log  sin  p  cos  y 

log  sin  p 


We  thus  find, 

for  T=     1* 
q  =  IP  55', 


—  0.6266 
+  0.9170 

0.5368 
120 

—  0.7382 
+  0.3920 

n9.8682 
9.5933 
9.9221 


log  cos  p 

9.7896 

iog4 

9.5923 

log  tan  }f 

9.3319 

>/ 

12»    7'.1 

\E 

4   41.2 

logt8n(45'>+^) 

0.1894 

tan  \E 

8.9187 

tan(g-Ji7) 

9.1081 

Q-\E 

7'*  13'.5 

Q 

11    54.7 

2» 
22"  20', 


8» 
80°  16', 


4» 
82°  17'. 


From  these  numbers  we  obtain  by  simple  interpolation  suffi- 
ciently exact  values  of  Q  for  our  whole  series  of  points.  And 
since  it  is  plain  from  Art  312,  that  even  an  error  of  half  a 
degree  in  Q  will  not  remove  the  computed  point  from  the  true 
curve  by  any  important  amount,  we  may  be  content  to  employ 
the  following  series  of  values  as  final : 


T 

Q 

T 

Q 

T 

Q 

T 

Q 

0».6 

8° 

1».6 

18° 

2*6 

28° 

3».6 

81° 

0.8 

10 

1.8 

20 

2.8 

29 

8.8 

82 

1.0 

12 

2.0 

22 

8.0 

80 

4.0 

82 

1.2 

14 

2.2 

24 

8.2 

80 

4.2 

82.5 

1.4 

16 

2.4 

26 

8.4 

81 

For  each  time  Twe  now  take  a:,  y,  and  ?,  from  the  tables  of 
the  eclipse,  and,  with  the  value  of  Q  for  the  same  time,  deter- 
mine the  required  point  on  the  outline  of  the  shadow  by  the 
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complete  equations  (602)  to  (508)  inclusive,  the  use  of  which  has 
already  been  exemplified  in  Art.  302.  Employing  only  four 
decimal  places  in  the  logarithms,  we  shall  find  that  the  curve 
may  be  traced  through  the  points  given  in  the  following  table: 


SOLAE  ECLIPSE,  July  18,  I860.— SOUTHERN  LIMIT. 

OreeDvick 
Mean  Time. 

LaUtade. 

* 

Long.  W.  from 
Oreenwieh.. 

0».520 

+  16°    5' 

102»  40* 

0.6 

21   82 

88   31 

0.8 

25     6 

76  37 

1.0 

26  36 

69     2 

1.2 

27   17 

63     9 

1.4 

27   27 

58   14 

1.6 

27   15 

53   57 

1.8 

26  47 

50     9 

'    2.0 

26     4 

46  43 

2.2 

25     9 

48   83 

2.4 

24     8 

40   84 

2.6 

22  48 

37   46 

2.8 

21     6 

84  88 

8.0 

19     9 

31   25 

8.2 

16  41 

27   50 

3.4 

14   14 

24  89 

8.6 

11     9 

20  44 

8.8 

8     5 

16   56 

4.0 

+    4     3 

11   46 

4.2 

—   0   89 

5   17 

4.846 

—  14  47 

889  80 

814.  We  have  applied  the  preceding  method  only  to  the  deter- 
mination of  the  extreme  limits  of  the  penumbra,  which  may  be 
designated  as  the  extreme  limits  of  partial  eclipse.  The  same 
method  will  determine  the  northern  and  southern  limits  of  total 
or  annular  eclipse,  by  employing  the  value  of  I  for  the  total 
shadow — that  is,  for  interior  contacts.  The  latter  are,  indeed, 
more  important,  practically,  than  the  former,  and  therefore  iu 
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special  cases  somewhat  greater  precision  might  be  desired  than 
has  been  observed  in  the  preceding  example.  In  any  such  case^ 
recourse  may  be  had  to  the  rigorous  method  of  Art  811.  Since 
the  limits  of  total  or  annular  eclipse  often  include  but  a  very 
narrow  belt  of  the  earth's  surface,  extending  nearly  equal 
distances  north  and  south  of  the  curve  of  central  eclipse, 
they  may  be  derived,  with  suflB.cient  accuracy  for  most  purposes, 
from  this  curve,  by  a  method  which  will  be  given  in  Art  320. 

The  curve  upon  which  any  given  degree  of  obscuration  can 
be  observed  may  also  be  computed  by  the  preceding  method.  It 
is  only  necessary  to  substitute  A  for  ^  and  to  give  A  a  value  cor- 
responding to  D  according  to  the  equation  (529).  All  the  curves 
thus  found  begin  and  end  upon  the  curve  of  maximum  in  the 
horizon. 

Carve  of  Central  Eclipse, 

815.  To  find  the  curve  of  central  eclipse  upon  the  surface  of  the 
earth, — This  curve  contains  all  those  points  of  the  surface  of  the 
earth  through  which  the  axis  of  the  cone  of  shadow  passes.  The 
problem  becomes  the  same  as  that  of  Art.  298  upon  the  suppo- 
sition that  the  shadow  is  reduced  to  a  point — ^that  is,  when 
i  —  If  =  0,  and,  consequently,  by  (493), 

Hence,  putting 

the  equations  (502)  to  (508)  are  reduced  to  the  following  ex- 
tremely simple  ones,  which  are  rigorously  exact: 

sin  fi  sin  y  =  x 

sin  fi  cosy  =  y^ 

c  sin  C  =  y, 

c  cos  C  =  cos  fi 

cos  f  J  sin  »)  =  a?  \   (689) 

cos  f  1  cos  d  =  c  cos  (0  +  dj 

sin  ^j=c  sin  (C  +  d^) 

,  tan  f, 

tan  0  = ^-^—  <»  =  ;*,  —  ^ 

It  will  be  convenient  to  prepare  the  values  of  yj  for  the  prin- 
cipal hours  of  the  eclipse ;  and  then  for  any  given  time  T  taking 
the  values  of  Xy  y^  rf^  /Wi,  from  the  eclipse  tables,  these  equations 
determine  a  point  of  the  curve. 
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816.  The  extreme  times  between  which  the  solution  is  possible, 
or  the  beginning  and  end  of  central  eclipse  upon  the  earth,  are 
found  as  follows.  At  these  instants  the  axis  of  the  shadow 
is  tangent  to  .the  earth's  surface,  and  the  central  eclipse  is 
observed  at  sunrise  and  sunset  respectively.  Hence,  Z  being  the 
zenith  distance  of  iht  point  Zj  we  have  cos  Z=0^  or,  by  (508), 
(^^=  0,  whence,  by  (499), 

or 

which  is  equivalent  to  putting  sin  j9  =  1,  or  cos  ^  =  0,  in  the 
first  two  equations  of  (589),  so  that  we  have 

sin  r  =  ^y  ^^^  r  =  Vi 

Let  x'  and  y/  denote  the  mean  hourly  changes  of  x  and  y^  com- 
puted by  the  method  of  Art.  296.  Let  the  required  time  of 
beginning  or  ending  be  denoted  by  T=  7{>+  r,  Tq  being  an 
arbitrarily  assumed  epoch ;  then,  if  (x)  and  (yi)  are  the  values  of 
X  and  tfi  taken  for  the  time  JJ,,  we  have  for  the  time  T, 

sin  ^  =  (x)  +  afr 

oo&r  =  Ofi)  H-y/^ 

Let  m,  -Sf,  n,  i\r,  be  determined  by  the  equations 

m  sin  -flf  =  (x)  n  sin  iV  ==  a/  1  /^qj 

mcosJf=(yj)  nco8iV=y/  / 

then,  from  the  equations 

sin  ^  =  m  sin  Jf  -|-  n  sin  JV.  t 
cos  y  =  m  cos  M  -}-  n  cos  N.  r 

we  deduce,  in  the  usual  manner, 

sin  (j  —  JV^)  =  m  sin  (-M" —  N) 

cos  O'  —  JV)  =  m  cos  ( Jf  —  N)  +  nr 

or,  putting  -^^  =  /^  —  i\r,  the  solution  is 

sin  4  =  m  sin  (^M —  If) 

_  cos  +  _^  mcos  (j8f — N)  I  /54IJ 

^"^     n  n 
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where  cos  i^  is  to  be  taken  with  the  negative  sign  for  the 
beginning  and  with  the  positive  sign  for  the  end. 

To  find  the  latitude  and  longitude  of  the  extreme  points  cor- 
responding to  these  times,  we  have,  in  (639),  cos  j9  =  0,  sin  ^  =  1, 
and,  therefore,  (7=  90®,  c  =  cos  ;• :  hence,  taking  y  =  N+  ^i^, 

cos  f  J  sin  *  =      sin  z' 

cos  f  J  cos  *  =  —  cos  Y  sin  d^ 

sin  fj=       cos  yco^d^  \    (542) 

A                 tan  f .  J. 

tan  0  = ^ —  to  =  fi^  —  * 

817.  Th  find  the  duration  of  total  or  annular  eclipse  at  any  point  of 

the  curve  of  central  eclipse. — This  is  readily  obtained  from  numbers 

which  occur  in  the  previous  computations.    Let  T=the  time 

of  central  eclipse,  t  =  the  duration  of  total  or  annular  eclipse, 

then  T'=T^:\t\R  the  time  of  beginning  or  end.    Let  x  and 

y  be  the  moon's  co-ordinates  for  the  time  T;  ^  and  ij  those  of 

the  point  on  the  earth  at  this  time  ;  x',  y',  f ',  tj',  the  hourly  in* 

crements  of  these  quantities ;  then,  at  the  time  T'  we  have,  by 

(491), 

(/  -  iC)  sin  Q  =  a;  q:  hsft  -  (f  q:  if'O 

Q  —  iC)  cos  Q  =  y  =F  iy'*  —  (i?  IF  J  VO 

But  we  here  have  ic  =  f ,  y  =  ?;,  and  we  may  put  {;  =  {^^  =  cos  j9, 
whence 

(I  -  i  cos  i9)  sin  Q  ==  q:  (x'  —  f')  T 
(Z  —  i  cos  i9)  cos  C  =  =F  (y*  —  rf)  - 

For  the  values  of  f '  and  9'  we  have,  with  sufficient  precision, 
since  t  is  very  small, 

f '  =  fj!  {-^y  sm  d  +  cos  i?  co3  e?) 
ij'=  fi' X  sin  i 

Hence,  by  (511)  and  (612),  we  find,  very  nearly, 

x'  — $'=(/  — /cos  d  cos  i9  =  c'— /cos  /? 

Ifi  therefore,  we  put 

i  =  I-.tcosj9  a=sc'— /cosi?  (648) 
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we  have 

LamQ  —  —                 LcobQ=z^* 
2                                          2 

where  we  omit  the  double  sign,  since  it  is  only  the  nnnLerical 

value  of  i  that  is  required.    Hence,  we  have,  for  finding  <,  the 

equations 

^      ^       a                   ^      7200 i  sin  C  ,.... 

tan  C  =  ^  t  = ^  (544) 

the  last  equation  being  multiplied  by  8600,  so  that  it  now  gives 
t  in  seconds. 

The  value  of  cos  j9  is  to  be  taken  from  the  computation  of  the 
central  curve  for  the  given  time  T,  and  ?,  log  i,  log/,  c',  6',  from 
our  eclipse  tables. 

818.  To  find  where  the  central  eclipse  occurs  at  nooru — ^In  this  case 
we  have,  evidently,  x  =  0,  and  hence,  in  (589), 

sin  fi  =  y^  (545) 

by  which  /9  is  to  be  found  from  the  value  of  ^i  which  corresponds 
to  the  time  when  x  =  0.  We  then  have  C=  j9,  c  =  1,  i^  =  0, 
and  therefore  the  required  point  is  found  by  the  formulae 

9i=P  +  d,  w=pL^  (646) 

in  which  d^  and  fi^  are  taken  for  the  time  when  x  =  0. 

819.  The  formulfie  (539),  (545),  and  (546)  are  not  only  extremely 
simple,  but  also  entirely  rigorous,  and  have  this  advantage  over 
the  methods  commonly  given,  that  they  require  no  repetition  to 
take  into  account  the  true  figure  of  the  earth.  It  may  be 
observed  here  that  the  accurate  computation  of  the  central  curve 
is  of  far  greater  practical  importance  than  that  of  the  limiting 
curves  before  treated  of. 

The  formulffi  (541)  must  be  computed  twice  if  we  wish  to 
obtain  the  times  of  beginning  and  end  with  the  greatest  pos- 
sible precision ;  for,  these  times  being  unknown,  we  shall  have 
at  first  to  employ  the  values  of  x'  and  y'  for  the  middle  of  the 
eclipse,  and  then  to  take  their  values  for  the  times  obtained  by 
the  first  computation  of  the  formute.  With  these  new  values  a 
seoood  computation  will  give  the  exact  limes. 
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Example. — To  compute  the  curve  of  central  and  total  eclipse 
in  the  eclipse  of  July  18,  1860. 

It  is  convenient  first  to  prepare  the  values  of  yi  =  —  for  the 

principal  hours  of  the  eclipse,  as  well  as  its  mean  hourly  diflfer- 
ences.  With  the  value  log  p,=  9.99873  we  form,  from  the  values 
of  y  given  sn  *]>«  table  p.  454,  the  following  table : 


Gr.  T. 

Vx 

y.' 

0» 

+  0.91972 

—  0.16095 

1 

.75896 

114 

2 

.59782 

182 

3 

.48683 

149 

4 

.27450 

166 

f 

.11287 

182 

To  find  the  times  of  beginning  and  end  we  may  assume  7^=  2* ; 
and  for  this  time  we  have 


(x  )  =  m  sin  Jf  =  —  0.08124 
(y^)  =  m  cos  Jf  =  +  0.59782 
whence     log  m  =       9.78054 

M=       352oi5'40" 


a/=:  n  sin  W=  + 0.5453 
y/  =  n  cos  iV  =  —  0.1613 
logn==       9.7548 
N=      106*>28'.7 


flmploying  but  four  decimal  places  in  the  logarithms  for  a  first 
(approximation,  we  find,  by  (541), 


mco8(itf— iV^) 


cos  4 


n 


=  +  0».435 


=  T  1  .468 


r,  =  —  1  .033 
r,  =  +  1  .903 
Approximate  time  of  beginning  =  2*  —  1*.033  =  0*. 967 
**  *'         end  =  2   +  1 .903  =  3  .903 

Taking  now  x'  and  y/  for  these  times  respectively,  and  re- 
peating the  computation,  we  have 
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Btgliiaiing. 

End. 

+  0.54531 

+  0.54625 

—  0.16118 

—  0.16164 

9.75482 

9.76489 

lOe"  27'  42" 

106»  SO*  45" 

+  0».4849 

+  0».4867 

—  1  .4684 

+  1  .4686 

0.9665 

8.9042 

213»  28'  12" 

826°  87'  40" 

a/  =  n  Bin  iV 

y*=^n  cosiV 

logn 

N 

cos  4 
n 
T 
4 

For  the  latitude  and  longitude  of  the  points  of  be^nning  and 
end,  we  now  take  y  =  N  +  '^/^  and  with  the  values  of  dj  and 
fij^  (pp.  455,  464)  for  the  above  computed  times,  we  have 


d^ 

Beginning. 

End. 

r 

819»  50'  54" 
21      1   16 
18      1     1 

78»8'26" 
21   0    0 
57   6    8 

whence,  by  (542), 


Local  App.  Time  =  ^ 


45«  86'  60" 
126     8     8 
16»  27-.9 


15'*45'84'' 
320   58    9 
6»  24»  S 


For  the  series  of  points  on  the  curve  we  take  the  times  1*.0, 

1\2,   1\4 8\6,   8\8,  which    are    embraced  within  die 

extreme  times  above  found,  and  proceed  by  (589).    Thus,  for 
2*.0  we  have 

^  =  sin  i9  sin  y  —  0.08124 

yj  =  sin  i9  cos  r  +  0.59782 

log  sin  p  9.78054 

log  cos  /9  =  log  c  cos  C  9.90178 

log  yj  =  log  c  sin  C  9.77657 

log  c  9.99856 

C  86«  bV  21" 

<  21     0  49 
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C+rf. 
log  a;  =  log  cos  f  J  sin  » 

log  C  COB  (C  +  dj)  =  log  cos  f>,  COS  « 

log  c  sin  (C  +  dj)  =  log  sin  y, 


App.  Time  =  #  in  time, 


57°  52'  10" 
tt8.90977 
9.72485 
9.92636 
351»  17'  18" 
28    31  12 
87    13  59 
57    89  20 
23»  25-  8*.8 


Por  the  duration  of  totality  at  this  point,  we  take  from  pp.  454, 
464, 465, 

I  =  —  0.009082  y  =  +  0.1532 

log  »•  =      7.6608  «'  =  +  0.6011 

log/=      9.3883 

and  hence,  with  log  cos  /9  =  9.9017  above  found,  we  obtain,  by 
(543), 

L  =  —  0.012734  a  =  +  0.4061 

and,  by  (544),  disregarding  the  negative  sign  of  L, 
t  =  211«.3  ==  3-  81'.3 

For  the  place  where  the  central  eclipse  occurs  at  noon,  we  find 
that  X  =  0  at  the  time  T=  2*.149,  at  which  time  we  have 


sin/9 

+  0.57878 

/» 

850    0'53" 

d. 

21     0  45 

9i 

56     1  88 

9 

56     6  57 

^  0 

80   45  18 

The  whole  curve  may  be  traced  through  the  points  given  in  the 
following  table: 


Vol.  r— «t 


m 
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80LAR  ECLIPSE,  July  18,  I860.— CURVE  OF  CENTRAL  AND  TOTAL  ECLIPSE. 


Or«enwich 

Latitude. 

Ijong.  W.  from 
Greenwicli. 

^\^ 

DunUion  of 

Me«i  Time. 

♦ 

o 

« 

ToUlity. 

Oi».967 

45« 

36'.4 

126" 

3'.1 

16»  27".9 

1.0 

60 

87.8 

113 

11.6 

17  21  .8 

2- 

'    1'.5 

1.2 

57 

16.2 

89 

14.6 

19     9  .1 

2 

85.1 

1.4 

59 

29.1 

72 

62.8 

20  26  .6 

2 

55.8 

1.6 

59 

55.1 

59 

5.2 

21  33  .7 

8 

11.4 

1.8 

59 

11.6 

47 

16.6 

22  83  .0 

3 

23.1 

2.0 

57 

89.3 

87 

14.0 

23  25  .1 

8 

81.8 

2.149 

56 

7.0 

80 

45.8 

0     0  .0 

8 

84.7 

2.2 

55 

81.5 

28 

42.6 

0  11  .2 

3 

86.2 

2.4 

52 

56.9 

21 

25.1 

0  52  .4 

3 

38.0 

2.6 

50 

0.9 

15 

3.9 

1  29  .8 

3 

36.4 

2.8 

46 

46  3 

9 

21.8 

2     4  .6 

8 

82.0 

8.0 

43 

18.6 

4 

2.2 

2  37  .9 

3 

24.6 

8.2 

39 

20.7 

358 

47.1 

3  10  .9 

8 

14.4 

8.4 

85 

1.6 

353 

12.5 

3  45  .3 

8 

1.1 

8.6 

80 

1.5 

346 

35.4 

4  28  .7 

2 

48.5 

8.8 

28 

28.5 

886 

44.1 

5  16  .1 

2 

18.6 

8.904 

15 

45.6 

820 

58.2 

6  24  .8 

Northern  and  Southern  Limits  of  Total  or  Annular  Eclipse. 

820.  To  find  the  northern  and  southern  limits  of  total  or  annular 
eclipse. — ^As  already  remarked  in  Art.  814,  these  limits  may  be 
rigorously  determined  by  the  method  of  Art  811,  by  taking 
I  =  the  radius  of  the  umbra  {i.e.  for  interior  contacts) ;  but  I  here 
propose  to  deduce  them  from  the  previously  computed  curve  of 
central  eclipse.  This  radius  I  is  assumed  to  be  so  small  that  we 
may  neglect  its  square,  which  can  seldom  exceed  .0003,  and  this 
degree  of  approximation  will  in  the  greater  number  of  cases 
suffice  to  determine  points  on  the  limits  within  2'  or  3',  which  is 
practically  quite  accurate  enough. 

The  two  limiting  curves  of  total  or  annular  eclipse,  then,  lie 
so  near  to  the  central  curve  that  the  value  {^^  =  cos  j9,  for  a  given 
time  Tj  already  found  in  the  computation  of  the  latter  curve, 
may  be  used  for  the  former  in  the  approximate  equation  which 
determines  Q.  We  can,  therefore,  immediately  find  Q  by  (535), — Le. 
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tan  /  =  —  COB  i9 

e         '^  J.  (647) 

tan  (C  —  iE)  =  tan  (45'*  +  /)  tan  iS 


}■ 


where/,  e,  and  JS  are  to  be  taken  from  the  eclipse  tables  for  the 
time  T. 

The  co-ordinates  of  the  point  on  the  central  curve  correspond- 
ing to  the  time  T  being  f  =  x  and  y^  =  ij^  (Art.  815),  those  for 
a  point  on  the  limiting  curve  may  be  denoted  hy  x  +  dx  and 
3/1  +  ^v  These  being  substituted  for  f  and  ij^  in  the  equations 
(499),  we  have 

<te  =  —  (?  —  iC,)  sin  Q  dy^=  —  (I  —  iC^)  cos Q 

where  in  the  expression  for  dj/^  we  omit  the  divisor  p^y  as  not 
appreciably  changing  the  value  of  so  small  a  term. 

Let  f  I,  &j  w  be  taken  from  the  computation  .of  the  central 
curve  for  the  time  T^  and  let  y^  +  dtp^^  to  +  dw^  be  the  cor- 
responding values  of  f  ^  and  <o  for  the  point  on  the  limit  for 
the  same  time.  Then,  by  differentiating  (500),  observing  that 
d<>  =  —  doi,  we  have 

cos  f  J  cos  ^dw-{-  Bin  ^ ^  sin  *  d^^  =  —  dx 
cos  fjSin  ^  dot —  sin  ^ ^cos  ^d^^=z  —  dy^Bin  d^  -\-  dZ^cos  d^ 
cos  s^i^f  1  =       dy^  cos  d^  +  dCj  sin  d^ 

whence,  by  eliminating  df  j  and  substituting  f  j  for  its  value  given 
by  the  third  equation  of  (497),  we  And 

CiCOS  f^dta  =  —  dx  (cos  f^cos  d^  -f  sin  f^  cos  ^  sin  d^) 
—  dy^  sin  ^^  sin  1^ 
Cj(ifj=  —  dx   sin  *  sin  d^  +  dy^  cos  ^ 

Hence,  substituting  cos  fi  for  {^„ 

^  =  — H L.  (cob  ^  sin  Q  sin  d^  +  sin  *  cos  $)  tan  ^, 

,   ^  —  i  cos  i?  .    ^         , 
-1 J-sm  §  cos  d 

C08/9 

i  —  1  cos  i?  ,  .     -    .     ^    ,      ,  -,         ^v 

(f^^  = fi  (sin  *  sm  Q  sin  d,  —  cos  ^  cos  0 

C08/9 
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These  values  are  yet  to  be  divided  by  sin  1'  to  reduce  them  to 
minutes  of  arc.    It  will  be  convenient  to  put 


(548) 


COB /9  sin  r       coB^ 


In  which  l\  f,  and  X  will  be  expressed  in  minutes. 

We  may  in  practice  substitute  dtp  for  rff  j,  within  the  limits  of 

accuracy  we  have  adopted ;  for  we  find,  from  the  equations  on 

p.  457, 

-  do.         cos*  w         .1  —  ee  sin*  w 

dip  = -^ . ^  =  a^j - 

1/(1 — ec)  cos'fj  |/(1 — «e) 

where  the  multiplier  of  rfy>,  cannot  difter  more  from  unity  than 
>/(l  —  ee)  does, — e.e.  not  more  than  0.00335:  so  that  the  substitu- 
tion of  one  for  the  other  will  never  produce  an  error  of  1'  so  long 
as  d^i  is  less  than  5^. 

Finally,  adapting  the  values  of  dfo  and  d^  for  logarithmio 
computation,  by  putting 

A  sin  5"  =  cos  ^ 
A  cos  jy  =  sin  ^  sin  d^ 
we  have  \  (549) 

(fill  =  jl  [A  cos  (^  —  H)  tan  ^,  +  sin  Q  cos  rf J 
(f^  =  A  A  sin  (*  —  JT) 

The  formulfiB  (547)  give  two  values  of  §  differing  180°.  The 
second  value  will  evidently  give  the  same  numerical  values  of 
d(a  and  dtp^  but  with  opposite  signs ;  and  therefore  we  may  com- 
pute the  equations  (549)  with  only  the  acute  value  of  $,  and  then 
the  longitude  and  latitude  of  a  point  on  one  of  the  limits  are 

m  -\-  dw,  ^  -\-  df 

and  those  of  a  point  on  the  other  limit  are 

m  —  dm  J  ^  —  df 

The  first  of  these  limits  will  be  the  northern  in  the  case  of 
total  eclipse,  but  the  southern  in  the  case  of  annular  eclipse, 
observing  always  to  take  I  with  the  negative  sign  for  total  ellipse. 
«s  it  comes  out  by  the  formulae  (487)  and  (489). 
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It  is  evident  that  this  approximate  method  is  not  accurate 
when  COB  j9  is  very  small,  that  is,  near  the  extreme  points  of  the 
carves;  and  it  fails  wholly  for  these  points  themselves,  since 
cos  ^  is  then  zero  and  the  value  of  X  becomes  infinite.  These 
extreme  points,  however,  are  determined  directly  in  a  very 
simple  manner  by  the  formulae  (636),  (537),  (538),  combined  with 
(519),  by  employing  in  (536)  and  (537)  the  value  of  I  for  interior 
contacts;  and  it  is  with  these  formulae,  therefore,  that  the  com- 
putation of  the  limits  of  total  or  annular  eclipse  should  be  com- 
menced. 

ExAMPLS. — ^Find  the  northern  and  southern  limits  of  total 
eclipse  in  the  eclipse  of  July  18,  1860. 

MrsL  To  find  the  extreme  points. — The  values  of  6'  and  c'  for 
exterior  contacts,  from  which  the  values  of  JE  on  p.  465  are 
derived,  diffier  so  little  from  those  for  interior  contacts  that  in 
practice,  unless  extreme  precision  is  required,  we  may  dispense 
with  the  computation  of  the  latter.  For  our  present  example, 
therefore,  taking  the  value  of  E  for  T^  =  2*  and  the  mean  value 
of  log  e,  as  in  the  computation  of  the  extreme  points  of  the 
southern  limit  for  the  penumbra,  p.  487,  together  with 


l  =  - 

-  0.0091 

we  find,  by  (587),  for  the  northern  limit, 

log  m  =  9.7854 
log  n  =  9.7558 

J!f=852'»88'.« 
JV  =  10«    27'.0 

and  for  the  Bouthem  limit, 

log  m  =  9.7731 
log  n  =  9.7542 

Jf=351°65'.0 
iV  =  106   27.0 

Hence,  by  (588), 

Northern  Limit. 

8outb«m  Umit. 

First  Point. 

lAst  Point. 

First  PoinU 

LMt  Point. 

* 

213°  54'.3 

326<» 

6'.7 

212»39'.0 

327°21'.0 

T 

0».976 

3». 

892 

0».951 

3».917 

Taking  ;•  =  N+  '4',  and  the  values  of  d^  and  fi^  for  these  times 
respectively,  with  log  p^=  9.9987,  we  find,  by  (518)  and  (519), 
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r 

820»  21'.8 

72»  82'.7 

819»    6'.0 

78»48.0 

log 

tan/ 

n9.9170 

0.5012 

n9.9S68 

0.5855 

dx 

21»    1'.2 

21°    VA 

21»    1'.2 

21<»   O'.O 

« 

246   81.7 

96   26.7 

247    26.7 

95    57.7 

AS 

13      9.6 

56   54.1 

12   47.1 

57    16.6 

m 

126   87.9 

820    27.4 

125    20.4 

821    18.9 

9 

46     7.7 

16    21.6 

45     2.8 

15    11.4 

Second,  To  find  a  Beries  of  points  between  these  extremes,  by 
the  aid  of  the  curve  of  central  eclipse,  we  assume  the  same  series 
of  times  as  in  the  computation  of  that  curve,  and  proceed  by 
(547),  (548),  and  (549) ;  to  illustrate  the  use  of  which  I  add  the 
computation  for  r=  2*  in  fiill.  From  the  computation,  p.  496, 
we  have 

For  !r=  2»  log  cos  fi 

log  tan  f  ^ 


Then,  by  (647), 


(p.  465)  log^ 

log  COS  fi 

log  tan  v' 
• 

logtan(45<'  +  i/) 
log  tan  iS 
log  tan  (C  — J  ^) 
Q-iE 

Q 
Hence,  by  (549), 


9.5953 

9.9017 
9.4970 
17°  26'.0 
7     8.7 
0.2823 
9.0982 
9.8805 
18°  30'.8 
20    89.0 


9.9017 

0.1970 

851°  17'.2 

21     0.8 

87    14.0 

57    89.3 

By  (548), 

I 

—  0.009082 

log  I 

n7.9582 

log  I' 

nl.4946 

log  I 

7.6608 

log  »•' 

1.1971 

t' 

16'.74 

Vawfi 

_  39.16 

X 

—  54.90 

log  cos  Q  :=  log  h  Bin  S 

log  sin  Q  sin  d^  =  log  h  cos  H 

log  A 

S 


9.9712 
9.1020 
9.9751 
82°  18'.2 
268  59.0 


LIMITS   OF  TOTAL  OR  ANNULAR  ECLIPSE. 


503 


logi 

log  A 

log  sin  (*  —H) 

log  df 
df 


log  k  nl.7396 

log  A  9.9751 

log  cos  C*  —H)  n8.2490 

log  tan  ^j  0.1970 

log  (1)  0.1607 

logi  nl.7896 

log  sinQ  cos  d^  9.5175 

log  (2)  nl.2571 

(1)  +   r.45 

(2)  —18.08 

dot  - 16 .68 
Hence,  for  the  time  2^=  2*,  we  have  the  two  points, 


nl.7896 

9.9751 

n9.9999 


1.7146 
+  5r.83 


w  -±2  dot 
^  ±  dip 


N.  Limit. 


36«  67.'4 
68    81.1 


S.  Limit. 


87'*  30'.6 
56   47.5 


SOLAR  ECLIPSE,  July  18,  1860. 
Nwrihem  LimU  of  Total  EcUpMe,  Southern  Limit  of  Total  Eclipse. 


Latitude. 

liongitude. 

Qp.  T. 

♦ 

o 

0».976 

46°  8' 

126°  38' 

1.0 

50  18 

116  27 

1.2 

57  47 

90  57 

1.4 

60  13 

74  0 

1.6 

60  46 

59  40 

1.8 

60  4 

47  28 

2.0 

58  31 

36  57 

2.2 

56  21 

28  9 

2.4 

58  43 

20  40 

*2.6 

50  43 

14  12 

'2.8 

47  24 

8  44 

8.0 

48  47 

3   1 

3.2 

39  49 

357  43 

3.4 

35  25 

352  6 

3.6 

30  18 

345  23 

8.8 

23  81 

335  8 

8.892 

16  22 

320  27 

Latitude. 

Longitude. 

Gr.  T. 

♦ 

o 

0».951 

45°  8' 

125°  20' 

1.0 

50  57 

109  56 

1.2 

56  45 

87  83 

1.4 

58  45 

71  46 

1.6 

59  4 

58  81 

1.8 

58  19 

47  11 

2.0 

56  48 

87  31 

2.2 

54  42 

29  16 

2.4 

52  11 

22  10 

2.6 

49  19 

15  56 

2.8 

46  9 

10  39 

3.0 

42  41 

5  8 

8.2 

38  52 

359  51 

3.4 

84  88 

354  20 

3.6 

29  45 

347  48 

3.8 

23  26 

338  20 

8.917 

15  11 

321  19 
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821.  The  curves  above  computed  are  all  exhibited  in  the  fol- 
lowing  chart. 


For  the  construction  of  such  charts,  on  even  a  much  larger 
wcale,  the  degree  of  accuracy  with  which  our  computation^ 
have  been  made  is  far  greater  than  is  necessary,  and  many 
abridgments  may  be  made  which  will  readily  occur  to  the 
skilful  computer.* 


*  For  ft  graphic  method  of  constructing  eclipse  chftrls,  see  ft  paper  by  Mr. 
Chaithcbt  Wbiqbt,  Proceedings  of  the  Am.  Association  for  the  Adv.  of  Science,  Sih 
meeting  (1854),  p.  55. 
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Prediction  of  a  Solar  Eclipse  for  a  Given  Place. 

822.  To  compute  the  time  of  the  occurrence  of  a  given  phase  of  a 
iolar  eclipse  for  a  given  place. — The  given  phase  is  expressed  by  a 
given  value  of  J,  and  we  are  to  find  the  time  when  this  value 
and  the  co-ordinates  of  the  given  plaoe  satisfy  the  conditions 
(486).     This  can  only  be  done  by  successive  approximations. 

Let  it  be  proposed  to  find  the  time  of  beginning  or  ending  of 
the  eclipse  at  the  place.  The  phase  is  then  J  =  i  —  i^,  and  w^ 
must  satisfy  the  equations  (491).  Let  Tq  be  an  assumed  time, 
and  T=  Tq+  t  the  required  time.  Let  x,  y,  a:',  3/',  d,  Z,  log  i,  hh 
taken  from  the  eclipse  tables  (p.  454)  for  the  time  T^.  Assuming 
that  X  and  y  vary  uniformly,  their  values  at  the  time  T  are 
X  +  x'v  and  y  +  y'r.  The  co-ordinates  of  the  place  at  the  time 
Tq  are  found  by  (483)  or  (488*),  in  which  [i  is  the  sidereal  time 
itt  the  place.    Putting 

l^  =  /i  a  :=^  41^ Ctf 

in  which  a»  is  the  west  longitude  of  the  place  and  iXy  may  be  taken 
from  the  table  (p.  455)  for  the  time  7^,  the  formulae  become 

^  sin  jS  =  ^  sin  ^  f  =  ^  cos  ^'  sin  ^  ^ 

Aqo^B  =  p  cos ^ cos  i>     Ti  =zA sin  (B  —  d)  > (550) 

C=i4co8(J9  — (i)  j 

Let  f ',  7'  denote  the  hourly  increments  of  f  and  jy ;  then,  assuming 
that  these  increments  also  are  uniform,  the  values  of  the  co-ordi- 
nates at  the  time  T  are  f  +  f 'r  and  tj  +  7'7«  The  values  of  f ' 
and  7j'  are  found  by  the  formulae  (p.  462) 

f  =  fi'  p  cos  fp'  cos  ^ 

V=M'^8in  d  —  d'Z 

in  which  //'  and  d'  are  the  hourly  changes  of  (x  and  d  multipliea 
by  sin  1".  The  rate  of  approximation  will  not  be  sensibly 
affected  by  omitting  the  small  term  (/'f ,  and  the  formulae  for  f ' 
and  iy'  may  then  be  written  as  follows : 

e'=A*'^C08J5  yf  =  p!^9md  (551) 

Put 

then,  neglecting  the  variation  of  this  quantity  in  the  first  ap- 
proximation, the  conditions  (491)  become,  for  the  time  T, 

i  cos  ^  =  y  —  1?  +  f  1/  —  V)  ^ 
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Let  the  auxiliaries  m,  M^  n,  and  i\rbe  determined  by  the  equa- 
tions 

m8in3f=a:  —  f  neinJVssa/ — f        \(hhl\ 

m  cos  M=y  —  tj  ncoflJV'=y'  —  if        J^     ' 

then,  from  the  equations 

X  sin  Q  =  m  sin  j9f  -|-  n  sin  JV.  t 

£  cos  ^  =  m  cos  Jf  +  n  cos  iV.  T 
we  deduce 

£  sin  (C  —  -AO  =  m  sin  (M'-N) 

Z  COB {Q  —  IT)  =  m  QOB{M  —  If)  +  nr 

Hence,  putting '^=  Q  —NjWq  have 

m  sin  (M  —  N) 

sm  4  = ^^ i 

L 

Xcos4>       m  cos  (M  —  IT) 

__      _  _ 


(558) 


by  which  r  is  found.  Since  the  first  of  these  equations  does  not 
determine  the  sign  of  cos  i//,  the  latter  may  be  taken  with  either 
the  positive  or  the  negative  sign.    We  thus  obtain  two  value? 

of  r=  Tq  +  r,  the  first  given  by  the  negative  sign  of 

being  the  time  of  beginning,  and  the  second  given  by  the  posi- 
tive sign  being  the  time  of  ending  of  the  eclipse  at  the  place. 

For  a  second  approximation,  let  each  of  the  computed  times 
(or  two  times  nearly  equal  to  them)  be  taken  as  the  assumed 
time  Tq,  and  compute  the  equations  (650),  (551),  (562),  (658)  for 
beginning  and  end  separately. 

.  The  first  approximation  may  be  in  error  several  minutes,  but 
the  second  will  always  be  correct  within  a  few  seconds,  and, 
therefore,  quite  as  accurate  as  can  be  required ;  for  a  perfect 
prediction  cannot  be  attained  in  the  present  state  of  the  Ephe- 
merides. 

The  formula  for  r  may  also  be  expressed  as  follows : 

_m  sin(Jtf-~iVr~4) 
n  sin  4 

which  in  the  second  approximation  will  be  more  convenient 
than  the  former  expression ;  but  when  sin  -^  is  very  small  it  will 
not  be  so  precise. 
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If  we  put 

t  =  the  local  mean  time  of  beginning  or  end, 
we  have 

823.  The  prediction  for  a  given  place  being  made  for  the 
purpose  of  preparing  to  observe  the  eclipse,  it  is  necessary  also 
to  know  the  point  of  the  sun's  limb  at  which  the  first  contact  is 
to  take  place,  in  order  to  direct  the  attention  to  that  point.  This 
is  given  at  once  by  the  value  of 

which  is  the  angular  distance  of  the  point  of  contact  reckoned 
from  the  north  point  of  the  sun's  limb  towards  the  east  (Art.  295). 

The  simplest  method  of  distinguishing  the  point  of  contact  ou 
the  sun's  limb  is  (as  Bessel  suggested)  by  a  thread  in  the  eye-piece 
of  the  telescope,  arranged  so  that  it  can  be  revolved  and  made 
tangent  to  the  sun's  limb  at  the  point.  The  observer  then,  by  a 
slow  motion  of  the  instrument,  keeps  the  limb  very  nearly  in 
contact  with  the  thread  until  the  eclipse  begins.  The  position 
of  the  thread  is  indicated  by  a  small  graduated  circle  on  the  rim 
of  the  eye-piece,  as  in  the  common  position  micrometer. 

This  method  is  applicable  whatever  may  be  the  kind  of 
mounting  of  the  telescope.  Nevertheless,  if  the  instrument  is 
luranged  with  motion  in  altitude  and  azimuth,  it  will  be  conve- 
nient to  know  the  angle  of  the  point  of  contact  from  the  vertex 
of  the  sun's  limb,  which  is  that  point  of  the  limb  which  is  nearest 
to  the  zenith.  The  distance  of  the  vertex  from  the  north  point 
of  the  limb  is  equal  to  the  parallactic  angle  which  being  here 
denoted  by  /*,  is  found,  according  to  Art.  15,  by  the  formute 

p  sin  Y  =  cos  ^  sin  * 

p  cos  ;^  =  sin  ^  cos  d  —  cos  ^  sin  d  cos  ^ 

(where  we  have  put  p  for  sin  ^  and  t?  for  the  sun's  hour  angle). 
As  7*  is  not  required  with  very  great  accuracy,  we  may  here  take 
[see  (494)] 

p  siny  =z  S  p  cos  r  =  1] 

in  which  f  and  ij  are  the  values  of  the  co-ordinates  of  the  place 
at  the  instant  of  contact.  But,  if  c  and  tj  denote  the  values  at  the 
time  T^  we  must  take 

psiur  =  S  +  S'r  pcosr  =  yi  +  V^  (554) 
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in  which  we  employ  the  values  of  f,  ij^  f ',  ay',  and  r  famished  hy 
the  last  approximation.     We  then  have 


Angular  distance  of  the  point  of  contact  firom  \  = 
the  vertex  towards  the  east, 


}Z^+',-r   W 


824.  To  find  ike  instant  of  maximum  obscuratimfor  agivenplace^ 
and  the  degree  of  obscuration.— At  the  instant  of  greatest  obscura- 
tion the  distance  J  of  the  axis  of  the  shadow  from  the  place  of 
observation  is  a  minimum.*  If  we  denote  the  required  time  by 
Ti  =  7^0  +  ^P  *^®  equations  of  Art.  822  determine  r^  for  a  given 
value  of  J  if  we  substitute  J  for  L.  Denoting  the  value  of 
§  —  iVfor  this  case  by  '^^j,  we  have,  therefore, 

J  sin  -ij  =  m  sin  (3f  —  N) 

A  cos  4»j==  m  cos  {M —  If)  -f  nr^ 

the  sum  of  the  squares  of  which  gives 

J«=  m»sin*(Jf  —  iNT)  +  [m  cos  {M ^  N)  +  nr.p 

Since  m  and  M  are  computed  for  the  time  TJj,  and  N  is  sensibly 
constant,  the  term  n^^vcf^M—N)  is  constant,  and  therefore  J 
is  a  minimum  when  the  last  term  is  zero,  that  is,  when 


m  cos  {M  —  K) 


(656) 


which  quantity  is  already  known  from  the  computation  of  (553). 
We  have,  also, 

^  =  it  m  sin  ( Jf  —  JV^  =  ±  i  sin  4  (567) 

in  which  the  sign  is  to  be  so  taken  as  to  make  J  positive.    The 
degree  of  obscuration  is  then  given  by  the  formula  (Art.  810), 


i  +  A 

in  which  D  is  expressed  in  fractional  parts  of  the  sun's  diameter, 
and  L  and  L^  are  the  radii  of  the  penumbra  and  umbra  (the 

*  More  strictly,  L  —  A  is  a  maximum,  as  in  Art.  809 ;  but  we  here  neglect  th« 
small  variation  of  L,  The  rigorous  solution  of  the  problem  may  be  obtained  firom 
the  condition  (526)  P'  =  0 ;  but  thf  above  approximation  is  sufficient  in  practice. 
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latter  being  negative)  for  the  place  of  observation-  From  (488) 
we  find,  by  putting  Bec/=  1, 

and  hence 

D  = =^^  (558) 

m  which  k  =  0.2723. 

K  we  neglect  the  augmentation  of  the  moon's  diameter,  or, 
which  is  equivalent,  the  small  difierence  between  L  and  Ij  and 
put 

'  =  W=T)  ^    (659^ 

we  have  '    ^ 

D  =  c  q:  e  sin  -4» 

where  the  lower  sign  is  to  be  used  when  sin  -v^  is  negative,  so 
that  D  is  always  the  numerical  difference  of  e  and  e  sin  -v^.  In  this 
form  e  may  be  computed  for  the  eclipse  generally,  Itnd  '^  will  be 
derived  from  the  computation  for  the  penumbra  for  the  given 
place.  A  preference  should  be  given  to  the  value  of  i^/  found 
from  the  computation  for  the  time  nearest  to  that  of  greatest 
obscuration,  which  is  usually  that  used  in  the  first  approximation 
o£  Art.  822. 

Example. — ^Find  the  time  of  beginning  and  end,  &c.,  of  the 
eclipse  of  July  18,  1860,  at  Cambridge,  Mass. 
The  latitude  and  longitude  are 

f>  =  42^  22'  49"  w  =  71°  T  25" 

For  this  latitude  we  find,  by  the  aid  of  Table  III.,  or  by  the 
formula  (87), 

log  /?  sin  9/  =r  9.82644  log  p  cos  f»'  =  9.86912 

"With  the  aid  of  the  chart,  p.  504,  we  estimate  the  time  of  the 
middle  of  the  eclipse  at  Cambridge  to  be  not  far  from  1*.  Hence, 
taking  2J=  1*  for  our  first  approximation,  we  take  for  this  time, 
from  the  eclipse  tables,  p.  454, 

X  =  —  0.6266        «'  =  +  0.6468  I  =  0.6868 

y  ==  +  0.7667        y  =  —  0.1606  log  t  =  7.66287 

d=:      20«67'.4      /*!=   18*»8r.2        log  ^'=  9.41799 
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by  (550)  and  (551), 

^— «  =  ^=       802<»28'.8 

logC  = 

9.7858 

Bz=        59  24.6 

<  = 

0.0028 

f  =  —  0.6246 

X  =  /  — •?  = 

0.5840 

V  =  +  0.4844 

^'==  +  0.1088 

V'  =  - 0.0686 

and,  by  (552)  and  (558), 

m  sin  if  =  z  —  ^  =  —  0.0020 
mco8if  =  y  — v  =  +  0.2728 


logm  = 
M  = 

log  sin  4  = 
log  008  ^  = 


9.4850 
8590  84' 
256   84 
n9.6955 
9.9887 


n  Bin  y=  a^—  f '=  +  0.4415 
It  cos  iV  =  y*— j/ =  —  aiO20 
log  n  =       9.6562 
A'=      108O0'.6 

n 

L  COB^  ^ 


it:   1.028 
—  0.888 
Lor+   1.168 
Approximate  time  of  beginning  =  0^.117 
«•  "         end  =2.168 


={, 


Taking  then  for  a  second  approximation  7^=  0^.12  for  hefpa- 
ning,  and  7^=  2M6  for  end,  we  shall  find* 


X 

y 

of 
d 

I 

« 

V 
logC 


Beginning. 

End. 

0».12 

2M6 

—  1.10642 

+  0.00601 

+  0.89783 

+  0.57084 

+  0.54528 

+  0.54530 

—  0.16016 

—  0.16090 

20<»  57'  45" 

20»  56'  58" 

0    19    8 

80    55  13 

0.58686 

0.58678 

289°  ir  48" 

819»  47'  48" 

—  0.69868 

—  0.47755 

+  0.5S915 

+  0.42428 

9.66985 

9.88504 

+  0.06868 

+  0.14798 

—  0.06544 

—  0.04470 

*  The  Talaes  of  xf  and  y'  here  employed  are  not  those  given  in  the  table  p.  456, 
but  their  actnal  Talnes  for  the  time  T^  as  given  In  the  table  of  x'  and  y'  on  i^ 
464. 
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iC 
L 

mBin  M 

mawM 

log  m 

M 

n  Bin  N 

n  cosiV 

logn 

N 
M—N 

+ 

Jf— iV— + 

T 


Beginning. 

End. 

0.00215 

0.00858 

0.58471 

0.53320 

—  0.40774 

+  0.48356 

+  0.85868 

+  0.14611 

9.78484 

9.70842 

811«  20*  16" 

78»  11'  15" 

+  0.48160 

-f  0.39787 

—  0.09471 

—  0.11620 

9.69098 

9.61702 

101»  7' 82" 

106»18'  0" 

210  12  44 

326  58  15 

210  44  0 

828  49  56 

-     81'  16" 

—  1"  56'  41" 

+  0».0197 

+  0».0800 

0M397 

2.2400 

0»  8-23' 

2*  14-  24* 

4  44  80 

4  44  30 

19  28  58 

21  29  54 

July  17. 

July  17. 

811°  51'  82" 

75»  7' 56" 

Local  time,         t  \ 

Angle  of  Pt.of  Contact  from  -x 
North  Pt.  of  the  sun  =  V 
Q=N+^  ) 

A  third  approximation,  commencing  with  the  last  computed 
times,  changes  them  by  only  a  fraction  of  a  second. 

To  find  the  angular  distance  of  the  point  of  contact  from  the 
vertex  of  the  sun's  limb,  we  have  from  the  second  approximation, 
by  (654)  and  (555), 


71  +  1^'t  =j)  cos;' 

r 

Angle  from  vertex  =  Q  —  ^^ 


Beginning. 


—  0.6974 
+  0.5379 
807*»  38'.8 
4    12.7 


End. 


—  0.4668 
+  0.4206 
3120  4'.5 
123    3.4 


The  time  of  greatest  obscuration  is  best  found  from  the  first 
approximation,  which  gives,  by  (556), 
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T,=      V. 


m  cos  (M  —  JV^ 


0.140 


T,  =         1M40 

^        P  8*24'. 

Oirtrr  4  44     30 

Local  time  of  max.  obBCur.  =  t  =z      20  28    54 

For  the  amount  of  greatest  obscuration  we  have,  also,  from 
the  first  approximation,  by  (557)  and  (558), 

i  =  0.5340  logi=    9.7275 

k  =  0.2723  log  sin  4  t=  n9.6955 

L-^k   =t=  0.2617  logJ=    9.4230 

2Ci  —  it)  =:=  0.5234  J  =    0.2649 

i  — J=    0.2691 

!,  =  0:^1      0.514 
0.5234 

Or,  by  (659),  taking  as  constant  the  value  of  e  found  by  employ 
ing  the  mean  value  I  =  0.5867,  ue. 

e  =  1.015 
we  have 

•  sin  4  =s  —  0.603 
D  =       0.612 

which  is  quite  accurate  enough, 

325.  Prediction  for  a  given  place  by  the  method  of  the  Amerkitn 
JEphemeris. — This  method  is  based  upon  a  transformation  of 
Bbssbl's  formula  suggested  by  T.  HEiniY  Safpord,  Jr.,  and,  with 
the  aid  of  the  extended  tables  in  the  Ephemeris,  is  somewhat 
more  convenient  than  the  preceding.  The  fundamental  equa- 
tion (490)  gives,  by  twmsposition, 

(X  -  ey  =  (l  -  C  tan/)«  -  (y~  19)* 

the  second  member  of  which  may  be  resolved  into  the  fectors 

6  =  (i~Ctan/)  +  (y-,) 

t.    ,.n.x  c  =  (i-Ctan/)-(y~i,) 

or,  by  (494), 

6  =  ?  -f  y  —  ^  sin  /(cos  d  +  sm  d  tan/) 

+  P  cos/  (sin  d  —  cos (i  tan/)  cos  * 

c  i=  ?  —  y  +  />  sin  /  (cos  d  —  sin  d  tan/) 

—  P  COB /  (sin  d  -^  oo&d  tan/)  oca  # 
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If  we  put 

A—x  B  =  l  +  y  C='-l  +  y 

i?  =  COS  i  +  sin  i  tan /  =  cos  (d  — /)  sec/ 
2^  =  cos  d  —  sin  d  tan/  =  cos  (d  +/)  sec/ 
G  =  sin  d  —  cos  d  tan/  =  sin  (d  — /)  sec/ 
H=sm  d  +  cos  d  tan/  =  sin  (d  +  /)  sec/ 

all  of  which  are  independent  of  the  place  of  ohservation  and  are 
given  in  the  Ephemeris  for  each  solar  eclipse,  for  successive 
times  at  the  Washington  meridian,  we  shall  then  have  to  com- 
pute for  the  place 


b  =  B— '  Epsiu  ^'+  G  pcoHf'  cos  ^  I    (660) 


a=x  —  S  =  A  —  p  cos  f>'  sin  t* 
b=  B  —  ^ ^  sin  ^'+  G  p  COS  ^' 
c  =  —  C  +  F  psin  f'  —  Hp  cos  ^'  cos  * 

and  the  fundamental  equation  becomes 

a  =  \/hc 

We  have  here,  as  before,  i>  =  ^  —  oi ;  and  the  value  of  fi^  is 
also  given  in  the  Ephemeris  for  the  Washington  meridian. 

If  now  for  any  assumed  time  Tq  we  take  from  the  Ephemeris 
the  values  of  these  auxiliaries,  and,  after  computing  a,  6,  and  c 
by  (560),  find  that  a  differs  from  i/6(?,  the  assumed  time  requires 
to  be  corrected;  and  the  correction  is  found  by  the  following 
process.    Put 

m  =  i/bCy 
a%  V,  m'=  the  changes  of  a,  b,  m,  in  one  second, 

T  =  the  required  correction  of  the  assamed  time ; 

then  at  the  time  of  beginning  or  ending  of  the  eclipse  we  must 
have 

a  +  a'r  =  m  +  rn'r 
whence 

m  —  a 


To  find  a'  we  have,  by  differentiating  the  value  of  a  and  de- 
noting the  derivatives  by  accents, 

a'=  A'^fi'p  cos  f '  COB  *  (661) 
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in  which  fi'  denotes  the  change  of  /x^  in  one  second,  and  is  the 
same  as  the  /i'  of  our  fonner  method  divided  by  3600. 

To  find  m'  we  have,  following  the  same  notation,  and  neglect- 
ing the  small  changes  of  E^  F^  (7,  Hj  ly  and/, 

V  =       -B'— ./I'tf  ^cosf'sin* 
d  =  —  C"  +  ii'H  p  cos  f>'  sin  * 

Since/  is  small,  we  may  in  these  approximate  expressions  put 
0  =  Hj  and  hence 

V=  —  (f=  JB'—  fi'Gp  cos  ^  sin  *  (661*) 

Now,  from  the  formula  m*  =  6<?,  we  derive 

which,  if  we  assume 

*""««  =  V5  =  S  =  ?  ("^ 

becomes 

m'=  —  VcotQ 


and  therefore  r  is  found  by  the  formula 

m  —  a 


a'+y  cote 


(668) 


The  Ephemeris  gives  also  the  values  of  A\  B\  and  C,  which 
are  the  changes  of  -4.,  -B,  and  C  in  one  second.  These  changes 
being  very  small,  the  unit  adopted  in  expressing  them  is  .000001; 
80  that  the  above  value  of  r,  as  also  the  value  of  ft!  in  (561), 
must  be  multiplied  by  W.  The  formulse  (560-563)  then  agree 
with  those  given  in  the  explanation  appended  to  the  Ephemeris. 

It  is  easily  seen  that  Q  here  denotes  the  same  angle  as  in  the 
preceding  articles ;  for  we  have  at  the  instant  of  contact 

tan  e  = y  = = 

Examples  of  the  application  of  this  method  are  given  in  eveiy 
Yolome  of  the  American  Ephemeris. 
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326.  The  preceding  articles  embrace  all  that  is  important  in 
relation  to  the  prediction  of  solar  eclipses.  Since  absolute  rigor 
is  not  required  in  mere  predictions,  I  have  thus  far  said  nothing 
of  the  effect  of  refraction,  which,  though  extremely  small,  must 
be  treated  of  before  we  proceed  to  the  application  of  observed 
eclipses,  where  the  greatest  possible  degree  of  precision  is  to  be 
sought. 


CORRECTION  FOR  ATMOSPHERIC   REFRACTION  IN  ECLIPSES.      . 

327.  That  the  refraction  varies  for  bodies  at  different  distances 
from  the  earth  has  already  been  noticed  in  Art.  106 ;  but  the 
difference  is  so  small  that  it  is  disregarded  in  all  problems  in 
which  the  absolute  position  of  a  single  body  is  considered. 
Here,  however,  where  two  points  at  very  different  distances  from 
the  earth  are  observed  in  apparent  contact,  it  is  worth  while  to 
inquire  how  far  the  difference  in  question  may  affect  our  results. 

Let  SMDA,  Fig.  44,  be  the  path 
of  the  ray  of  light  from  the  sun's 
limb  to  the  observer  at  -4,  which 
touches  the  moon's  limb  at  M;  SMB 
the  straight  line  which  coincides  with 
this  path  between  Sand  Mj  but  when 
produced  intersects  the  vertical  line 
of  the  observer  in  B.  It  is  evident 
that  the  observer  at  A  sees  an  ap- 
parent contact  of  the  limbs  at  the 
instant  when  an  observer  at  B  would 
see  a  true  contact  if  there  were  no 
refraction.  Hence,  if  we  substitute 
the  point  B  for  the  point  A  in  the 
formula  of  the  eclipse,  we  shall  fully  take  into  account  the  effect 
of  refraction. 

For  the  purpose  of  determining  the  position  of  the  point  jB, 
whose  distance  from  A  is  very  small,  it  will  suffice  to  regard  the 
earth  as  a  sphere  with  the  radius  p  =  CA.  It  is  one  of  the  pro- 
perties of  the  path  of  a  ray  of  light  in  the  atmosphere  that  the 
product  q/i  sin  i  is  constant  (Art.  108),  q  denoting  the  normal  to 
any  infinitesimal  stratum  of  the  atmosphere  at  the  point  in  which 
the  ray  intersects  the  stratum,  fi  the  index  of  refraction  of  that 
stratum,  and  t  the  angle  which  the  ray  makes  with  the  normal. 
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If,  then,  />,  fi^  Z'  denote  the  values  of  g,  /i,  and  i  for  the  point  A^ 
we  have,  as  in  the  equation  (149), 

qfL  sin  X  =  pfi^  sin  Z' 

In  which  Z'  is  the  apparent  zenith  distance  of  the  point  Jf,  and 
fjL^  is  the  index  of  refraction  of  the  air  at  the  observer. 

Now,  let  us  consider  the  normal  g  to  be  drawn  to  a  point  D  of 
the  ray  where  the  refractive  power  of  the  air  is  zero,  that  is,  to 
a  point  in  the  rectilinear  portion  of  the  path  where  /i  =  1.  Then 
our  equation  becomes 

q  sin  i  =  pft^  sin  Z^ 

in  which  q  =  CD,  i  =  MBF=  CDB.  Putting  Z  =  the  true 
zenith  distance  of  M=  MB  F,  and  s  =  the  height  of  B  above 
the  surface  of  the  earth  =  AB,  the  triangle  CDB  gives 

(p  +  s)  BiuZ  =  q  sin  i 

which  with  the  preceding  equation  gives 

s^f^BinZ' 

P  smZ  ^     ^ 

In  order  to  substitute  the  point  B  for  the  point  A  in  our  com- 
putation of  an  eclipse,  we  have  only  to  write  p  +  s  for  p  in  the 

equations  (488),  or  pi  1  -] —  j for  />.    Therefore,  when  we  have 

computed  the  values  of  log  f ,  log  7,  and  log  f  by  those  equa- 
tions in  their  present  form,  we  shall  merely  have  to  correct  ihem 

by  adding  to  each  the  value  of  log  1 1  H —  j.     This  logarithm 

may  be  computed  by  (564)  for  a  mean  value  of  fi^  (=  1.0002800) 
and  for  given  values  of  Z.  For  Z  we  may  take  the  true  zenith 
distance  of  the  point  Z  (Art.  289),  determined  by  a  and  d.  But 
by  the  last  equation  of  (488)  we  have  so  nearly  cos  Z  =  f  that 
in  the  table  computed  by  (564)  we  may  make  log  f  the  argu- 
ment, as  in  the  following  table,  which  I  have  deduced  from  that 
of  Bbssel  {Astron.  Dhtersnehiw^eny  Vol.  11.  p.  240). 


BBDCCTION  TO  THE  SEA  LEVEL. 
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log? 

CoRMtion  of  loga. 
of  {,  V,  f. 

0.0 
9.9 
9.8 
9.7 
9.6 

0.0000000 
.0000001 
.0000002 
.0000005 
.0000008 

9.5 
9.4 
9.3 
9.2 
9.1 

0.0000014 
.0000028 
.0000085 
.0000054 
.0000081 

9.0 
8.9 
8.8 
8.7 
8.6 

0.0000119 
.0000167 
.0000225 
.0000292 
.0000867 

8.5 

0.0000446 

loBf 

Correction  of  logs, 
of  i,  n,  f . 

8.5 
8.4 
8.8 

8.2 
8.1 

0.0000446 
.0000525 
.0000602 
.0000672 
.0000784 

8.0 
7.9 

7.8 
7.7 
7.6 

0.0000788 
.0000885 
.0000875 
.0000909 
.0000987 

7.4 
7.2 
7.0 
6.6 
6.0 

0.0000978 
.0001006 
.0001023 
.0001044 
.0001051 

00 

0.0001054 

The  numbers  in  this  table  correspond  to  that  state  of  the  atn 
mosphere  for  which  the  refraction  table  (Table  11.)  is  computed; 
that  is,  for  the  case  in  which  the  factors  j8  and  y  of  that  table  are 
each  =  1.  For  any  other  case  the  tabular  logarithm  is  to  be 
varied  in  proportion  to  ^  and  f- 

It  is  evident  from  this  table  that  the  effect  of  refraction  will 
mostly  be  very  small,  for  so  long  as  the  zenith  distance  of  the 
moon  is  less  than  70®  we  have  log  ^  >  9.53,  and  the  tabular 
correction  less  than  .000001.  From  the  zenith  distance  70®  to 
90°  the  correction  increases  rapidly,  and  should  not  be  neglected. 

COBBECTION  FOB  THE  HEIGHT  OF  THE  OBSEBVEB  ABOVE  THE 
LEVEL  OF  THE  SEA. 

828.  If  s'  is  the  height  of  the  observer  above  the  level  of  the 
sea,  it  is  only  necessary  to  put  p+  s'  for  p  in  the  general  formulae 
of  the  eclipse ;  and  this  will  be  accomplished  by  adding  to  log  f  , 

log  7,  and  log  C  ^®  value  of  log  ( 1  H —  I,  which  is  {M  being 

the  modulus  of  common  logarithms) 

But  5'  is  always  so  small  in  comparison  with  p  that  we  maj 
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neglect  all  but  the  first  term  of  this  formula ;  and  hence,  by 
taking  a  mean  value  of  p  (for  latitude  45°)  and  supposing  5'  to 
be  expressed  in  English  feeij  we  find 

Correction  of  log  f,  log  1^,  log  C  =  0.00000002079  sf      (565) 

For  example,  if  the  point  of  observation  is  1000  feet  above 
the  level  of  the  sea,  we  must  increase  the  logarithms  of  f ,  5, 
and  C  by  0.0000208. 

If  s'  is  expressed  in  metres^  the  correction  becomes  0.000000064  $/. 

APPLICATION  OF  OBSERVED  ECLIPSES  TO  THE  DETERMINATION  OP  TEB- 
RESTRIAL  LONGITUDES  AND  THE  CORRECTION  OF  THE  ELEMENTS 
OF  THE  COMPUTATION. 

829.  To  find  the  longitude  of  a  place  from  the  observation  of  (m 

eclipse  of  the  sun. — The  observation  gives  simply  the  local  times 

of  the  contacts  of  the  discs  of  the  sun  and  moon :  in  the  case  of 

partial  eclipse,  two  exterior  contacts  only;  in  the  case  of  total  or 

annular  eclipse,  also  two  interior  contacts. 

Let 

tf  =  the  west  longitude  of  the  place, 

t  =  the  local  mean  time  of  an  observed  contact, 
fi  =  the  corresponding  local  sidereal  time. 

The  conversion  of  t  into  /jl  requires  an  approximate  knowledge 
of  the  longitude,  which  we  may  always  suppose  the  observer  to 
possess,  at  least  with  sufficient  precision  for  this  purpose. 

Let  Tq  be  the  adopted  epoch  from  which  the  values  ofxmis 
are  computed  (Art.  296),  and  let 

^o>  Vo  =  *^®  values  of  x  and  y  at  the  time  I^, 

ccf^y'  =1  their  mean  hourly  changes  for  the  time  ^  +  »; 

then,  if  we  also  put 

r  =  t  +  w— r,  (566) 

the  values  of  x  and  y  at  the  time  t  +ai  (which  is  the  time  at  the 
first  meridian  when  the  contact  was  observed)  are 

^0  +  ^^1  Vo  +  y'^ 

The  values  of  x'  and  y'  to  be  employed  in  these  expressions 
may  be  taken  for  the  time  t  +  ca  obtained  by  employing  the 
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approziniate  value  of  a>,  and  will  be  sufficiently  precise  unless 
the  longitude  is  very  greatly  in  error. 

The  quantities  I  and  t  change  so  slowly  that  their  values 
taken  for  the  approximate  time  t  +  w  will  not  differ  sensibly 
from  the  true  ones.  For  the  same  reason,  the  quantities  a  and  d 
taken  for  this  time  will  be  sufficiently  precise :  so  that,  the  latitude 
being  given,  the  co-ordinates  f,  ay,  (^  of  the  place  of  observation 
may  be  correctly  found  by  the  formulae  (488).  Since,  then,  at 
the  instant  of  contact  the  equation  (490)  or  (491)  must  be  exactly 
satisfied,  we  have,  putting  i=  i  —  if, 


i  sin  Q=zXf^  —  S  +  sfv 
Zr  cos  C  =  y^  —  1?  +  ^T 


}    (567) 


in  which  r  is  the  only  unknown  quantity.    Let  the  auxiliaries 
m^  My7%j  Nhe  determined  by  the  equations 

m&in  M=  x^  —  S  n  sin  W=  a/  )     (^qq\ 

m  COS  M=y^ — if  nQOQli=sy'  J 

then,  from  the  equations 

L  sin  Q=:m  sin  M  -{-  n  Bin  N'.T 
L  cos  Q  =  m  cos  Jf  +  ^  cosiV.  r 

by  putting  '^=  Q  —  NyW^  obtain 

m  sin  (itf*  —  N) 


sin  4 


X  ' 


2/C0S4      moo8(jy  —  JT) 


n  n 

m  sin  (3f  _  iV  —  4) 

n  sin  4 


(569) 


where  the  second  form  for  r  will  be  the  more  convenient  except 

when  sin  ^4^  is  very  small.    As  in  the  similar  formula  (558),  the 

angle  aj/  must  be  so  taken  that  L  cos  '4/  shall  be  negative  for 

first  contacts  and  positive  for  last  contacts,  remembering  that  in 

the  case  of  total  eclipse  i  is  a  negative  quantity. 

Having  found  r,  the  longitude  becomes  known  by  (566),  which 

gives 

w=T^  —  i  +  r  (570) 
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If  the  observed  local  time  is  sidereal,  let  pt^  be  the  sidereal 
time  at  the  first  meridian,  corresponding  to  T^;  then,  r  being 
reduced  to  sidereal  seconds,  we  shall  have 

W  =  /t„  —  /t  +  T 

and  this  process  will  be  free  from  the  theoretical  inaccuracy 
arising  from  employing  an  approximate  longitude  in  converting 
(i  into  L 

The  unit  of  r  in  (569)  is  one  mean  hour ;  but,  if  we  write 

hL  cos  4^       hm  cos  (3f  —  N) 

n  n 

__      m  sin(Jf  —  JV— -4) 
n  sin  4 

we  shall  find  r  in  mean  or  sidereal  seconds,  according  as  we  take 
h  =  8600,  or  A  =  3609.856. 

880.  The  rule  given  in  the  preceding  article  for  determining 
the  sign  of  cos  ^^^  (which  is  that  usually  given  by  writers  on  this 
subject)  is  not  without  exception  in  theory,  although  in  practice 
it  will  be  applicable  in  all  cases  where  the  observations  are 
suitable  for  finding  the  longitude  with  precision ;  and,  were  an 
exceptional  case  to  occur  in  practice,  a  knowledge  of  the  approxi- 
mate longitude  would  remove  all  doubt  as  to  the  sign  of  the  term 

— ^^.    But  it  is  is  easy  to  deduce  the  mathematical  condition 

n  *^ 

for  this  case. 
At  the  instant  of  contact,  the  quantity 

Is  equal  to  i*.  At  the  next  following  instant,  when  r  becomes 
r  +  rfr,  it  is  less  or  greater  than  L*  according  as  the  eclipse  is 
beginning  or  ending.  If  then  we  regard  L^  as  sensibly  constant, 
the  differential  coeflBcient  of  this  quantity  relatively  to  the  time 
must  be  negative  for  first  and  positive  for  last  contacts.  The 
half  of  this  coefficient  is 

(^0  -  f  +  ^  t^)  (^  -  f  0  +  (yo  ~  7  +  y'  ^)  (y'  -  'yO 

(where  the  derivatives  of  f  and  ij  are  denoted  by  f '  and  9^'),  or,  by 
(567),  putting  iV^  +  ^  for  ^, 

L  [sin  (iV^+  4)  (^-  n  +  cos(JV^+  4)  (y'-  V)l 
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Computing  ^'  and  tjl  by  the  formulae  (551)^  or,  in  this  case,  by 
$'=  lip  cos  f>'  cos  (a*  —  a)  iy'=5  fi'f  sin  d 

and  putting 

n'  sin  N*=  of—  ('  n'cos  iV'=  y'—  V 

the  above  expression  becomes 

in'cos(JNr— JV^+4r) 

Hence,  when  i  is  positive,  that  is,  for  exterior  contacts  and 
interior  contacts  in  annular  eclipse,  'v^  must  be  so  taken  that 
cos(iNr — JV'  +  '4')  shall  be  negative  for  first  and  positive  for  last 
contact.  That  is,  for  first  contact  '4'  ^W5<  be  taken  between 
N'  — N+ 90""  and  N''-'N+  270° ;  and  for  last  contact  betioeen 
N'  —  N  +  ^Q""  and  N'  —  N  —  90°.  For  total  eclipse,  invert  these 
conditions. 

In  Art  322,  we  have  N  =  iV',  and  hence  the  rule  given  for 
the  case  there  considered  is  always  correct. 

881.   To  investigate  the  correction  of  the  longitude  found  from  an 
observed  solar  eclipse,  for  errors  in  the  elements  of  the  computation. 
Let 
AX,  Ay,  aL  =  the  corrections  of  x,  y,  and  i,  respectively, 
for  errors  of  the  Ephemeris, 
A$,  A17  =  the  corrections  of  $  and  17  for  errors  in  p  and  /, 
At  =  the  resulting  correction  of  r. 

The  relation  between  these  corrections,  supposing  them  very 
dmall,  will  be  obtained  by  differentiating  the  values  of  L  sin  Q 
and  L  cos  Q  of  the  preceding  article,  by  which  we  obtain 

A-L  sin  §  +  i  cosQaQ  =  ax  —  a?  +  a/ at 
aL  cos  §  -—  jL  sin  §  aQ  =  Ay  —  Ai^  +  y  AT 

where  ax  and  Ay,  being  taken  to  denote  the  corrections  of 
x=^x^+x'r  and  y  =  yo+  y'^>  include  the  corrections  of  x'  and  y'. 
Substituting  in  these  equations  w  sin  N  for  x'  and  n  cos  N  for 
y',  and  eliminating  aQ,  we  find 

Ai  =  (ax  —  Af)  sin  C  +  (Ay  —  A13)  cos  §  +  n  cos  (§  —  iV^ .  at 

and  substituting  for  Q  its  value  N+  '^, 

,  ^^  sin  (JV+  4)       ,  .  cos  (JV-f.  4)   ,      Ai> 

AT-=—  (ax  —  A?) ^     ^  ^^  —  (Ay  —  Aiy) 5^ — -^---!-i  H 

n  cos  4  n  cos  4  n  cos  4 
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or 

AT=i (AX  sin  iV+ AycosiVO+  -(— AxcoBiV+ Ay8inJr)tan  + 

+  -(Af  sin  iV+  A7COB  JV) (— Af  CO8JV+  Aij  sin  i^T)  tan ♦ 

+  ^^*  (571) 

which  is  at  once  the  correction  of  r  and  of  the  longitude,  since 
we  have,  by  (570),  aqi  =  Ar. 

882.  In  this  expression  for  Ar,  the  corrections  ax,  Ay,  4e.  hare 
particular  values  belonging  to  the  given  instant  of  observation 
or  to  the  given  place.  In  order  to  render  it  available  for  deter- 
mining the  corrections  of  the  original  elements  of  computation, 
we  must  endeavor  to  reduce  it  to  a  function  of  quantities  which 
are  constant  during  the  whole  eclipse  and  independent  of  the 
place  of  observation.  For  this  purpose,  let  us  first  consider 
those  parts  of  Ar  which  involve  ax  and  Ay.  For  any  time  2J,  at 
the  first  meridian,  we  have 

X  =  X,,  +  n  sin  N(T^  —  T^) 

whence 

xsin  JV  +  y  cosiV=      x^^sin  N  +  y<>co8iV+  n(T'j—  T^ 
—  X  cosJV+  y  sin  J\r=  —  XoCOsW-}-  y^sin  N 

The  last  of  these  expressions,  being  independent  of  the  time,  is 
constant.     If  we  denote  it  by  x ;  that  is,  put 

X  =  —  Xecos  JV-f  y^sin  iV=  — x  cos  iV-f  y  sin  iV    (572) 

we  shall  find  from  the  two  expressions 

XX  +  yy  =  XX  +  [XoSin  JV^+  y^QO%  N  +  n(,T^—  T.)]'   (573) 


This  equation  shows  that  the  quantity  \/xx  +  yy,  which  is  the 
distance  of  the  axis  of  the  shadow  from  the  centre  of  the  earth, 
can  never  be  less  than  the  constant  x,  and  it  attains  this  minimum 
value  when  the  second  term  vanishes,  that  is,  when 

x„8in  iV'+y^ cos  JV+n(i;—  3;)  =  0 
and  hence  when 

r,=  i;  — i  (x.sin  N+  yocos  N)  (574) 
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which  formula,  therefore,  gives  the  time  T^  of  nearest  approach  of 
the  axis  of  the  shadow  to  the  centre  of  the  earth,  while  (572) 
giyes  the  value  of  the  distance  of  the  axis  from  the  centre  of  the 
earth  at  this  time.  By  the  introduction  of  the  auxiliary  quanti- 
ties Ty^  and  x,  we  can  express  the  corrections  involving  ax  and  ^y 
in  their  simplest  form ;  for  we  have  now,  for  the  time  of  obser- 
vation <  +  01, 

X  sin  jr+  y  cos  ir=  x^  sin  N  +  y^cos  iV  +  n  (*  +  «  —  T^ 

and  if  An,  e^T^  and  ^x  are  the  corrections  of  n,  7\,  and  x  on 
account  of  errors  in  the  elements,  we  have 

AX  sin  i\r  +  Ay  cos  iV=  —  n  aT,  +  (e  +  «  —  T,)  a»    \ 
—  Axco9-flr+ Aysin  JV=Aic  /    (^'^) 

These  expressions  reduce  those  parts  of  Ar  which  involve  ax  anu 
Ay  to  functions  of  aT^^,  An,  and  ax,  w^hich  may  be  regarded  as 
constant  quantities  for  the  same  eclipse. 

We  proceed  to  consider  those  parts  of  Ar  which  involve  a6 
and  A37.  These  corrections  we  shall  regard  as  depending  only 
upon  the  correction  of  the  eccentricity  of  the  terrestrial  meridian ; 
for  the  latitude  itself  may  always  be  supposed  to  be  correct, 
since  it  is  easily  obtained  with  all  the  precision  required  for  the 
calculation  of  an  eclipse ;  the  values  of  a  and  d  depend  chieflj 
on  the  sun's  place,  which  we  assume  to  be  correctly  given  in  the 
Ephemeris ;  and  fx  is  derived  directly  from  observation.  Now, 
we  have  (Art.  82),  e  being  the  eccentricity  of  the  meridian, 

,  cos  «p  .      ,        (1  —  «c)  sin  0 

A  cos  a>'  =  — ; ^ p  sm  /  =  -^^- ^—, — ^ 

y(\—ee^\n^ip)  j/(l  — eesmV) 

whence,  by  differentiation, 

A .  p  cos  «p'  ,    pp  sin' «/ 

-  -  ==^cossp   - 


Lee  2(1  — ««)« 

L.psin^  =  D  sin  <p'    ^^  ^^"'  ^'  _  psm^ 
Lee  ^        ^'2(1  — cc)'       1  —  ec 

or,  putting 

p  sin  y' 
1  —  ee 
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A  .  /9  COS  ^ 


From  the  values 


=  }  fiPp  cos  ^ 


(576) 


f  =  /»  cos  9/  sin  (jL  —  a) 

17  =  /o  sin  ^'  cos  d  —  p  cos  f  '  sin  doo^Qi  —  a) 


we  deduce 


^=ififi^  ^=  J^^,-^/?cosrf 

and  hence 

A^  sin  J\r+  A7  COS  iV=  ipp  (     f  iin  iV+  7  oos  N)  Aee  —  P  WBdewN^A 
—  A^oo«JV4-  Aj7  8in  iV=  J^/J  (— f  oob-Y  +  v  Bin  JV)  Aed  —  ^  oo«  rf  sin  JV^  Ai« 

The  values  off  and  ij  may  be  put  under  the  forms 

f  =  a;^—  (Xg —  $)  ==  Xo—  »i  sin  JM 
7  =  y,  —  (y„—  ly)  =  y„—  m  cos  Jf 

by  which  the  second  members  of  the  preceding  expressions  are 
changed  respectively  into 

i  PP[     Zq"^'^  iV  4-  y^cos  iV  —  fii  COS  {M  —  iV)]  Aee  —  )9  oos  </  cos  iV' Am 
and     }  /?)3  [—  a^oCOsiV  +  y^sin  iV  +  m  sin  ( if  —  JV)]  Am  —  /9  oos  ^ sin  JVA« 

or,  by  (674)  and  (572),  into 

}  pp  [n  (7^  —  2\)  —  m  cos  (if—  JV)]  A«  —  )5  oos  rf  cos  JV  Am 
and  iPP[  X +  msin  (if —  iV)]  Am  — jScosifsiniVAef 


or,  again,  by  (569)  and  (570),  into 

ipPln(t  +  o^T^)  —  L  008  ^ 
and  iPPl  «  +  Z;  sin  ^ 

Hence,  that  part  of  Ar  which  depends  upon  Aee  is  equal  to 

PP  r     f.    ,  m\  a         .  r  .  n    .  i?  COS  (f  COS  ( JV  4-  4)   .  _ 

^  [n  («  +  u  —  7\)  —  X  tan  4  —  £  seo  4]  AM  —  i- i__-L_I.'  Aet 

2fl  M  COB  4 

When  these  substitutions  are  made  in  (571),  we  have 

Ar  =  A«  =  AA2\+Atan4.—  — A(<  +  «  —  ^i)  —  +*wc4.— 

ft  n  * 

n  L  cos  4  J 


i  pPln{t  +  u^  T{)  —  L  008  4]  Am  —  p  oos  ^cos  JV  Am 
and  }  /'/^  [  X  +  Z;  sin  4]  Am  —  )3  oos  ^  sin  JV  Am 


LONGITUDE.  525 

where  we  have  multiplied  by  A  to  reduce  to  seconds.  The  unit 
is  either  one  second  of  mean  or  one  second  of  sidereal  time, 
according  as  r  is  in  mean  or  sidereal  time.  If  the  former,  we 
take  h  =  8600;  if  the  latter,  h  =  8610. 

388.  The  transformations  of  the  preceding  article  have  led  us 
to  an  expression  in  which  the  corrections  a  T^^  ax,  An,  and  a66  are 
all  constants  for  the  earth  generally,  and  which,  therefore,  have 
the  same  values  in  all  the  equations  of  condition  formed  from 
the  observations  in  various  places.  But  a  still  further  transform- 
ation is  necessary  if  we  wish  the  equation  to  express  the  rela- 
tion between  the  longitude  and  the  corrections  of  the  Ephemeris, 
so  that  we  may  finally  be  enabled  not  only  to  correct  the  longi. 
tudes,  but  also  the  Ephemeris. 

Since  a7\,  ax,  An  are  constant  for  the  whole  eclipse,  we  can 
determine  them  for  any  assumed  time,  as  the  time  T^  itself.  For 
this  time  we  have 

a:  sin  iV  +    y  cos  JV  =  0  \ 

—  XC0SJV+    ysinN  =  K  r 

Aar  sin  iV  +  Ay  cos  iV==  —  n  A  j;  [    C^*^*) 

—  ^x  cosiV  +  Ay  sin  iV=  ax  ) 

The  general  values  of  x  and  y  (482)  may  be  thus  expressed: 

JT  Y 

sin  ir  ^       sin  9r 

where 

X=  cos  *  sin  (a  —  a)  Y=  sin  ^  cos  d  —  cos  ^  sin  d  cos  (a  — a) 

From  these  we  deduce 

aJT  Att  aF  Aff 


AX  =  -, X  2 Ay  =  -. y  i 

sm  7t  tan  n  ^       sm  w       ^  tan  w 

whence 

Az  sin  -y  +  Ay  cos  N= -I- (x$inN+y  oos  iV) 

sin  TT  tan  ir 

-  A*  cos  ^  +  Ay  .in  i»r  =  ^^£i2^!![±^l5!£i!^  +  (X  C08  J>r  _  y  ,ta  A") -*^ 

sin  TT  tan  tt 

and  for  the  time  7\  these  become,  according  to  (578), 

^^rn      A-rTsin  JV+ aFcos  JV 
—  nAi,  ^ 

'  sm  It 

—  A-rTcos  N+  A  Fsin  N         aw 

Ax  ^—  '  -    y  -, 

sm  ir  tanir 
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Again,  by  differentiating  the  valnes  of  X  and  F,  we  have 

aX=  cos  ^  cos  (a  —  a)  a(»  —  a)  —  ein  ^  sin  (a  —  a)  aI 
A  F  =  [cos  ^  cos  <i  +  sin  ^  sin  rf  cos  (©  —  a)]  a^ 

—  [sin  ^  sin  <i  -f  cos  ^  cos  d  cos  (a  —  a)]  Ad 

-f   cos  ^  sin  d  sin  (•  —  a)  a(*  —  a) 

But  for  the  time  of  nearest  approach  we  may  take  a  =  a  and 
put  cos  {d  —  (i)  =  1,  whence 

A-T  =  cos  ^ .  A(a  —  a)  A  r  =  A(^  —  (f) 

so  that 

_     sin  J\^  cos  ^  .  A(a  —  a)  +  COS  iV .  A(d  —  <f) 

-nA  r,== ^^ -r—^ ^^ - 

sin  -K 

■  (579) 

-—cosiVcos  ^,  A(tt  — a)4-8iniV.  A(^-~d)  a^t 

sin  TT  tan  x  ^ 

To  find  ATI,  which  depends  upon  the  corrections  of  a:'  and  y', 
we  observe  that  x'  and  y',  regarded  as  derivatives  of  x  and  y,  are 
of  the  form 

x'==— .-1-  1/=—    — 

ft  JT  /TV 

But  -T^  and  -j^  depend  upon  the  changes  of  the  moon's  right 

ascension  and  declination,  which  for  the  brief  duration  of  an 
eclipse  are  correctly  given  in  the  Ephemeris.  The  errors  of  a/ 
and  ^',  therefore,  depend  upon  those  of  ;r:  so  that  if  we  write 

Sin  X  sm  9r 

and  regard  a  and  b  as  correct,  we  find 

Aa:'  =  —  ar ^y'z=-^  \f 

tanw  tan  IT 

From  the  equations  n  sin  N^=-  x',  n  cos  Jy=  y',  we  have 

Air 


An  sin  iV  +  n  AiTcos  JV  =  Ax'=  —  n sin  iV - 
An  cos  N'  -  n  AiVsin  N=f  ^^=1  —  noosi^T- 


tan  IT 

Air 
tanir 
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whence,  by  eliminating  ^Nj* 

:^  =  --^^  (680) 

»  tan  TT 

Since  A(a  —  a),  A{d  —  rf),  a;:  will  in  practice  be  expressed  m 
seconds  of  arc,  we  should  substitute  for  them  a  (a  --  a)  sin  1", 
£i{d  —  d)  sin  V\  AJT  sin  1''  in  the  above  expressions ;  but  if  we  at 
the  same  time  put  k  sin  V  for  sin  ;r  and  tan  ;r,  the  factor  sin  V^ 
will  disappear. 

To  develop  aX,  we  may  neglect  the  error  of  the  small  term  if 
and   assume  Ai  =  AZ.     We   have    from    (486)  and  (488),  by 

neglecting  the  small  term  k  sin  n^  and  putting  g  =  1,  z  =  —, , 

the  following  approximate  expression  for  /; 

rsinTT 
which  gives 

■r  «  A-ff  ,  -O         ATT  rtTk^^ 

£iL=  ^1  =  -7-  ±  A* (581) 

Substituting  the  values  of  a7^|,  ax,  ati,  and  a{  given  by  (579), 
(580),  and  (581),  in  (577),  and  putting 

nn 
the  formula  becomes,  finally, 

Atf  =  >-v[     nni^eoB(LA(a  — a)  +  cos  N.A(6  —  d)] 

+  V  [—  OOB  iVoos  (f.A(a  —  a)  +  sin  Ii.£i{6  — -  <Q]  tan  4 

+  v\  -—  zt:  ttAA:  I  seo  4 

+  4i;3/g[n(<  +  <^~yi)~»tan4-X8eo4]-^^''''^^^'^^'^*nirAe. 
L  008  4  J 

(682) 

where  the  negative  sign  of  ntJi  is  to  be  used  for  interior  contacts. 
It  is  easily  seen  that  ntJi  represents  very  nearly  the  correction 

*  The  angle  iVis  independent  of  errors  in  ir,  since  tan  iVs:  -:  so  that  we  might 
hare  taken  AiV=0. 
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of  the  moon's  apparent  semidiameter,  and  —j-  that  of  the  snn'g 

semidiameter ;  and  that  iihee  is  the  correction  of  the  assumed 
reduction  of  the  parallax  for  the  latitude  90°. 

.  834.  Discussion  of  the  equutions  of  condition  for  the  correction  of 
the  longitude  and  of  the  elements  of  the  computation. — The  longitude 
o)  found  by  the  equation  (570),  (Art  829),  requires  the  correction 
^Qf  of  (582).    If,  for  brevity,  we  put 

^  =       sin  JV  cos  d  A(a  —  a)  +  cos  N^(d  —  d)    1    ,jggv 
*  =  —  cos  iV  cos  d  A(a  —  a)  +  sin  N^(S  —  d)    } 
and 

w'=  the  true  longitude, 

we  have  the  equation  of  condition 

w'=w  +  Aw=z(o  —  y^  +  V  tan  4 .  ^  +  &c.  (584) 

If  the  eclipse  has  been  observed  at  several  places,  we  can  fonn 
as  many  such  equations  as  there  are  contacts  observed.  If  the 
observations  are  complete  at  all  the  places,  we  can,  for  the  most 
part,  eliminate  from  these  equations  the  unknown  corrections  of 
the  elements,  and  determine  the  relative  longitudes  of  the  several 
places ;  and  if  the  absolute  longitude  of  one  of  the  places  is 
known,  that  of  each  place  will  also  be  determined. 

I  shall  at  first  consider  only  the  terms  involving  y  and  t?.  The 
quantity  vy'  is  a  constant  for  all  the  places  of  observation,  and 
combines  with  a),  so  that  it  cannot  be  determined  unless  the 
longitude  of  at  least  one  of  the  places  is  known.     If  then  we  put 

Qz=:a/'\-ifY  a  =  vtan4 

the  equations  of  condition  will  assume  the  form 

Suppose,  for  the  sake  of  completeness,  that  the  four  contacts 
of  a  total  or  annular  eclipse  have  been  observed  at  any  one  place, 
and  that  the  values  of  the  longitude  found  from  the  several  con- 
tacts by  Art.  829  are  fl>i,  w^  lu^,  w^.    We  then  have  the  four  equsr 

tions 

[I]  fl  — a^d  — «,^  =  0 

[2]  fl  — a.i5i  — «.  =  0 

[8]  fl  — .  a,  *  —  01,  =  0 

[4]  fl  — a^^^«^  =  0 
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where  the  ndmerals  may  be  assumed  to  express  the  order  in 
which  the  contacts  are  observed ;  [1]  and  [4]  being  exterior,  and 
[2]  and  [3]  interior.  In  a  partial  eclipse  we  should  have  but  the 
Ist  and  4th  of  these  equations. 

Since  exterior  contacts  cannot  (in  most  cases)  be  observed  with 
as  much  precision  as  interior  ones,  let  us  assign  different  weights 
to  the  observations,  and  denote  them  by  p^^  p^y  p^j  P4,  respectively. 
Combining  the  four  equations  according  to  the  method  of  least 
squares,  we  form  the  two  normal  equations 

[p  ]  fl  —  Ipa  ]  1*  —  [p^  ]  =  0 
Ipd]  Q  —  IpcuQ  ^  —  Ipato]  ==  0 

where  the  rectangular  brackets  are  used  as  symbols  of  summa* 
tion.    From  these,  by  eliminating  i?,  and  putting 

we  find 

P»+  Q  =  0  (585) 

from  which  the  value  of  t>  would  be  determined  with  the  weight 
P.  But  the  computation  of  Q  under  this  form  is  inconvenient 
By  developing  the  quantities  P  and  (>,  observing  that  [jwia]  5=* 
Pi^i*  +  P^  +  P^  +  PiAaj  &c.,  we  shall  find 

P^PiPi  («i  —  <^)'  +  Pi  P9  («!  —  ^9^  -h  Pi  Pa  i^i  —  ^*y 

Pi -^  Pi -^  Pt -\r  P4 

.  Ps  Pt  (<»i  —  ^t)'  4-  Pt  Pa  (<*>  —  ^4)'  -h  Pi  P4  {^9  —  gj* 
Pi -^  Pi -i- Pt -^  Pi 

Q^PiPii^—  g»)  K  —  *■>»)  +  Pi P9  («!  —  g»)  (<Ji—  <^t)  +  Pi  Pa  («!  ~  ^4)  ("1  -  ^i) 

Pi -^  Pi -^  P9 '\- Pa 

.    PtP9  (««  —  ^9)  (»t  —  <^9)  +  PiP4  {^1  —  ^a)  ("2  -  <■>♦)  +  P9P1  (^1  —  ^4)  ("f  -  ^^4) 

Pi  +  Pi -{- P9  +  Pa 

These  forms  show  that  if  we  subtract  each  of  the  equations  [IJ, 
[2],  [3]  from  each  of  those  that  follow  it  in  the  group,  whereby 
we  obtain  the  six  equations 

(«i  —  «»)*  +  «',  —  fi'i  =  0 
(a,  —  a,)  ^  +  oij  —  oi,  =  0 

(«!  —  d J  ^  +  a*j  —  <tf^  =  0 

(a,  —  rt,)  *  +  »,  —  013  =  0 
(a,  —  a  J  i>  +  01,  —  »^  :=  0 

Vol.  I.-34 
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and  combine  these  six  equations  according  to  the  method  of 
least  squares,  taking  their  weights  to  be  respectively 

Pl+P»+Pt+PA  Pi+P»+P^+P4 

we  shall  arrive  at  the  same  final  equation  (585)  as  by  the  direct 
process,  with  the  advantage  of  avoiding  the  multiplication  of  the 
large  numbers  a)^,  w^  &c. 

Suppose  that  at  another  place  but  three  contacts  have  been 
observed,  the  true  longitude  being  oi",  and  the  computed  lougi- 
tudes  oij,  w^y  flip  and  that,  having  put  J2'=  a;"+  py^  we  have 
formed  the  three  equations 

[5]    fl' —  a^  *  —  0*5  =  0  with  the  weight  jj, 
[6]    C— a,  *  — <tfe  =  0    "  "   .  |>, 

[7]    fl'— fly*  — aiy  =  0    «  «       py 

The  subtraction  of  each  of  the  first  two  from  those  which  follow 
gives  the  three  equations 

(a,  —  dj)  ^  +  a»3  —  <tf,  =  0 
(«s  —  ^y)  ^  +  «*  —  ^'y  =  0 

(.a.  —  a,)^  +  w^  —  wj  =  0 

of  which  the  weights  will  be  respectively,  according  to  the  ahove 
forms, 

PsPt  PsPr  PtPr 

Ps+P$  +  P7  Ps+P^  +  Pr  Pb+Pb  +  P7 

and  the  combination  of  these  three  equations,  according  to 
weights,  will  give  a  normal  equation  of  the  form 

which  gives  a  value  of  i>  with  the  weight  P'. 

Now,  suppose  that  this  method  applied  to  all  the  observationB 
at  all  the  places  has  given  us  the  series  of  equations  in  ^, 

P,>  +  C  =  0 
P'#  +  Q'  =  0 
P"*+  Q"==o,&c.; 

then,  since  P,  P',  P'\  &c.  are  the  weights  of  these  several  deter- 
minations, the  final  normal  equation  for  determining  tf,  derived 
from  all  the  observations,  is 

[P]  *  +  [«]  =  © 
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that  is,  it  is  simply  the  sum  of  all  the  individual  equations  in  t> 
formed  for  the  places  severally. 

The  same  reasoning  is  applicable  to  any  of  the  terms  which 
follow  the  term  in  t>  in  (584) ;  so  that  if  we  suppose  all  the  terms 
to  be  retained,  this  process  gives  an  equation  in  t?  for  each  place, 
in  which  besides  the  term  P<?  there  will  be  terms  in  aA*,  a-H",  &c., 
and  from  all  the  equations,  by  addition,  a  final  normal  equation 
(still  called  the  equation  in  i9)  as  before.  In  the  same  manner, 
final  normal  equations  in  aA,  ^H,  &c.  will  be  formed.  Thus  we 
shall  obtain  five  normal  equations  involving  the  five  unknown 
quantities  ^,  aA:,  aH,  ajt,  Aee^  which  are  then  determined  by 
solving  the  equations  in  the  usual  manner.  But,  unless  the 
eclipse  has  been  observed  at  places  widely  distant  in  longitude, 
it  will  not  be  possible  to  determine  satisfactorily  the  value  of 
ATTy  much  less  that  of  ^ee.  It  will  be  advisable  to  retain  these 
terms  in  our  equations,  however,  in  order  to  show  what  effect  an 
error  in  ;r  or  ee  may  produce  upon  the  resulting  longitudes. 

When  ?>,  &c.  have  been  found,  we  find  J2,  J2',  &c.  from  the 

equations  [1],  [2] [5],  [6] The  final  value  of  S  will  be 

the  mean  of  its  values  [1  —  4]  taken  with  regard  to  the  weights ; 
and  so  of  S\  &c.  Hence  we  shall  know  the  several  differences 
of  longitude 

«' — «i''  =  fl  —  Q\  m'  —  «»'"  =  fl  —  fi",  &c. 

K  one  of  the  longitudes,  as  for  instance  a*',  is  previously 
known,  we  have 

and  hence  all  the  longitudes  become  known. 

Finally,  from  the  values  of  y  and  ^  the  corrections  of  the 
Ephemeris  in  right  ascension  and  declination  are  obtained  by 
the  formulas 

cos  ^ A(a  —  a)  =  sin  iV^.  p^  —  cos  iV .  *  1     ^5og^ 

A(J  — (Z)  =  co8iVr.y'  +  siniV^.t>  J     ^     / 

335.  When  only  two  places  of  observation  are  considered,  one 
of  which  is  known,  it  will  be  sufficiently  accurate  to  deduce  f 
and  d^  from  the  observations  at  the  known  place  (disregarding 
the  other  corrections),  and  to  employ  their  values  in  finding  the 
longitude  of  the  other  place. 
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386.  When  good  meridian  observations  of  the  moon  are  avail' 
able,  taken  near  the  time  of  the  eclipse,  the  quantities  A(a— a), 
a(^  —  J)  [for  which  we  may  take  ^(a  —  a'),  ^{d  —  5')],  may  be 
found  from  them.  The  terms  in  /*  and  ^  may  then  be  directly 
computed  by  (583)  and  applied  to  the  computed  longitude ;  after 
which  the  discussicm  of  the  equations  of  condition  may  with 
itdvantage  be  extended  to  the  remaining  terms. 

887.  Before  proceeding  to  give  an  example  of  the  computation 
by  the  preceding  method,  it  will  be  well  to  recapitulate  the 
necessary  formulae,  and  to  give  the  equations  of  condition  a 
practical  form. 

I.  The  general  elements  of  the  eclipse,  a,  rf,  i,  log  t,  z,  y,  x',/, 
are  supposed  to  have  been  computed  and  tabulated  as  in  Art  297. 

n.  The  latitude  of  the  place  being  y,  the  logarithms  of /?  cosf' 
and  p  sin  f'  are  found  by  the  aid  of  our  Table  m.,  or  by  the 
formula  (87). 

The  mean  local  time  i  of  an  observed  contact  being  given, 
find  the  corresponding  local  sidereal  time  /i ;  also  the  time  /  +  a 
at  the  first  meridian,  employing  the  approximate  value  of  the 
longitude  a>. 

pf  the  observed  time  is  the  sidereal  time  /u,  the  time  /i  +  wBi 
the  first  meridian,  converted  into  mean  time,  will  give  the 
approximate  value  of  /  +  c».] 

For  the  time  t  +  at  take  a,  d,  i,  and  logi  from  the  eclipse 
tables,  and  compute  the  co-ordinates  of  the  place  and  the  radius 
of  the  shadow  by  the  formulae 

Asm  B  =  p  %in^'  f  =^008f' sin  (/»—«) 

A  oobJ5  =  ^  co8/oos(/c— -a)  iy  =ii  Bin(^  — rf) 

L  =  l-'i:  C=iicos(J?  — d) 

When  log  f  is  small,  add  to  log  f ,  log  7,  and  log  f  the  correc- 
tion for  refraction,  from  the  table  on  p.  517. 

m.  For  the  assumed  epoch  7i  at  the  first  meridian  (being  the 
epoch  from  which  the  mean  hourly  changes  a:'  and  y'  are  reck- 
oned), take  the  values  of  x  and  y  from  the  eclipse  tables, 
denoting  them  by  Xq  and  y©.    Also  the  mean  hourly  changes  a/ 
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and  y'  for  the  time  i  +  to.  Compute  the  auxiliaries  m,  M^  ka. 
by  the  formulae* 

m  sin  -Sf  =  Xp  —  f  n  sin  iV  =  a:' 

m  cos  jJf  =  y^  — 11  n  cos  iV  =i  y 

sm  4  = ^^- ^ 

Jj 

where  i^  is  (in  general)  to  be  so  taken  that  L  cos  i^  shall  be 
negative  for  a  first  and  positive  for  a  last  contact  (but  in  certain 
exceptional  cases  of  rare  occurrence  see  Art.  330). 

Then 

hL  cos  4        Amcos(Jtf  —  JV) 

n  n 

or,  when  sin  ^  is  not  very  small, 

_hm  8in(Jif— iV— 4) 
M  sin  4 

K  the  local  mean  time  t  was  observed,  take  A  =  8600  in  these 
formulse,  and  then  the  (uncorrected)  longitude  is  found  by  the 
equation 

a,  =  3;  -  ^  +  r 

If  the  local  sidereal  time  fx  was  observed,  take  A  =  3609.856, 
in  the  preceding  formulae ;  then,  fi^  being  the  sidereal  time  at  the 
first  meridian  corresponding  to  TJ,  we  have 

The  longitudes  thus  found  will  be  the  true  ones  only  when 
all  the  elements  of  the  computation  are  correct. 

IV.  To  form  the  equations  of  condition  for  the  correction  of 
these  longitudes,  when  the  eclipse  has  been  observed  at  a  sufii-> 
cient  number  of  places,  compute  the  time  T^  of  nearest  approach, 
and  the  minimum  distance  x,  by  the  formulae 

j;  =  To  -  ^  (^0  8ii»  N+y,  cos  N) 
»  =  —  x^  cos  iV  +  y^j  sin  N 

*  The  Talues  of  N  and  log  n  being  nearly  constant,  it  will  be  expedient,  where 
many  obserrations  are  to  be  reduced,  to  compute  them  for  the  eoTeral  integral  hours 
at  the  first  meridian,  and  to  deduce  their  values  for  any  giTen  time  by  simple 
interpolation. 
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Take  ;r  for  the  time  T^y  and  compute  the  logarithm  of 

h 


nic 


the  same  value  of  h  being  used  here  as  before. 

For  each  observation  at  each  place  compute  the  coefficient? 
p  tan  '4^,  V  sec  '4^,  and 

J5==  yn(* +«»  —  3\)—-»v  tan  4— -;-psec4' 
where  the  unit  o{i  +  a)  —  T^i&  one  mean  hour, 

008  4 

in  which 

S  =  969".788  log  H  =  2.98218 

fi  =  ^.511?!  log  (1  _  eg)  =  9.99709 

1  —  ee 

Then,  w'  denoting  the  true  longitude,  the  equation  of  condition  is 

where  the  negative  sign  of  the  term  v  sec  i^ .  n^k  is  to  be  used 
for  interior  contacts. 

The  discussion  of  the  equations  thus  formed  may  then  be 
carried  out  by  Art  884;  taking  as  the  unknown  quantities 

Yj  i>,  n^ky  —7-,  a;:,  and  ;rAee. 

Example. — ^Pind  the  longitude  of  Washington  from  the  fol- 
lowing observations  of  the  solar  eclipse  of  July  28,  1861 : 

At  Washington  (partial  eclipse) : 

Beginning  of  eclipse,  July  27,  19*  21-  Z\\2    M.T. 

End  "  "     "    20  50    88.0       " 

At  KSnigsberg  (total  eclipse) : 

Beginning  of  eclipse,  July  28,  8  88  10.8  <* 

Beginning  of  total  obsc,        "      *'  4  88  57.6  « 

End  of  total  obscuration,  "      «  4  41  54.2  « 

End  of  eclipse,                       <<     <<  5  88  82.9  ** 
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For  these  places  we  have  given- 


Washington, 
Konigsberg, 


Lat.  ^ 
+  88<»  53'  39".25 
+  54    42  50  .4 


Long,  o 
+  5*    8*  1K2 
—  1   22      0.4 


The  longitudes  are  reckoned  from  Greenwich.  That  of 
Konigsberg  will  be  assumed  as  correct,  while  that  of  Washington 
will  be  regarded  as  an  approximate  value  which  it  is  proposed 
to  correct  by  these  observations. 

I.  The  mean  Greenwich  time  of  conjunction  of  the  sun  and 
moon  in  right  ascension  being,  July  28,  2*  21"*  2*.6,  the  general 
eclipse  tables  will  be  constructed  for  the  Greenwich  hours  0*,  1*, 
2*,  8*,  4*,  and  5*  of  July  28.  For  these  times  we  find  the  follow- 
ing quantities  from  the  Nautical  Almanac : 


For  the  Moon.* 

Greenwich  mean 
time. 

a 

i 

w 

July  28,  0» 

125»40'  6".75 

+  20»   8'80".00 

W  27".80 

1 

126   19    9  .41 

19   58    9  .86 

28  .41 

2 

126   58  10  .80 

19    52  39  .99 

29  .49 

8 

127  37  10  .82 

19  47    1  .92 

30  .54 

4 

128   16    9  .87 

19  41  15  .21 

81  .56 

5 

128  65    6  .86 

19   35  19  .89 

82  .56 

For  the  Sun. 


Greenirioh  mean 
time. 

a' 

i' 

logf 

July  28,  0» 

127°   6'  5".25 

+  19<'5'24".70 

0.006578 

1 

8  32  .63 

4  50  .23 

76 

2 

10  59  .99 

4  15  .74 

74 

8 

13  27  .34 

8  41  .21 

72 

4 

15  54  .67 

3    6  .64 

70 

5 

18  21  .99 

2  32  .05 

67 

*  The  moon's  a  and  6  in  the  Naut.  Aim.  are  directly  computed  only  for  every  noon 
and  midnight  and  interpolated  for  each  hour.  I  have  not  used  these  interpolated 
Talues,  but  have  interpolated  anew  to  fifth  differences.  The  moon's  parallax  has 
been  diminished  by  (y'.S  according  to  Mr.  Adams's  Table  in  the  Appendix  to  the 
Naui.  Aim.  for  1866. 
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With  these  values  we  form  the  following  tables,  as  in  Art  297 : 


c* 

a 

d 

Bxterior  Contacts. 

Int«rior  OoBtMts. 

1 

logi 

I 

log^ 

127'*   6'  17".22 

19«  5'  16".56 

0.534046 

7.663244 

—  0.011771 

7.661181 

1 

8  89  .61 

4  42  .76 

4028 

45 

11795 

82 

2 

11     1  .78 

4    8.96 

8978 

47 

11844 

84 

8 

18  24  .08 

8  35  .14 

3899 

49 

11917 

36 

4 

15  46  .27 

8     1.30 

8801 

61 

12016 

88 

5 

18     8  .50 

2  27  .46 

8679 

53 

12187 

40 

0* 
1 
2 
8 

4 
5 

m 

A. 

±'\ 

—  55 
—119 

A. 

—58 
—54 
—64 

1 

A. 

A. 

—864 

—862 
-343 
—841 

A. 

+  9 
+  2 

— 1.838900 

—  0.769366 

—  0.199775 
+  0.869815 
-h  0.939850 
+  1.508766 

+  0.569534 
.569591 
.569590 
.569535 
.569416 

+  0.968589 
.886669 
.802185 
.718449 
•684870 
.549950 

—  0.083020 
.083384 
.083736 
.084079 
.084420 

Hence  the  mean  changes  x'  and  y,  for  the  epoch  7i  =  2*  (ac- 
cording to  the  method  of  Art.  296),  and  the  corresponding  values 
of  N  and  log  n,  are  as  follows : 


t" 

y' 

tr 

log  a 

0» 

+  0.569568 

—  0.083202 

98"'  18'  3r.7 

9.760126 

1 

591 

3384 

19  42  .7 

168 

r,=2 

600 

3562 

20  45  .8 

194 

8 

590 

3736 

21  47  .5 

206 

4 

563 

8908 

22  50  .0 

208 

5 

514 

4078 

23  52  .7 

186 

II.  The  full  computation  for  Konigsberg,  where  both  exterior 
and  interior  contacts  were  observed,  will  serve  to  illustrate  tho 
use  of  the  preceding  formulse  in  every  practical  case. 

For  f»  =  54^  42'  60".4  we  find 


log />  sin  f'=  9.909898 


log /t>  cos  f'=  9.762689 


The  sidereal  time  at  Greenwich  mean  noon,  July  28,  was 
8*  22"  13'.27,  with  which  fi  is  found  as  given  below.  The  com- 
putation of  f ,  5,  and  L  will  be  as  follows : 
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Itt  Ext  Oont. 

Ut  Int.  Oont 

2d  Int.  Oont. 

2d  Ext.  Oont 

t 

8*  38-  lO-.S 

4»  88^  57-.6 

4*  41"»  54'.2 

5»88«82'.9 

t  +  u 

2   16    10.4 

8   16    57.2 

8   19    58.8 

4  16    82,5 

f* 

12     0    46.44 

18     1    48.22 

18     4    40.81 

14     1    28.81 

fi(mairc) 

180<>  11'  86".6 

195<>  25'  48".8 

196<»10'    4".7 

210<»22'    4".: 

For  <  +  «,    a 

127    11  40  .1 

127    14    4.2 

127    14  11  .2 

127    16  25  .6 

d 

19      8  59  .8 

19      8  26  .6 

19     8  28  .9 

19     2  52  .0 

fi^a 

62    59  56  .5 

68    11  44  .1 

68    55  58  .6 

88     5  89  .1 

logBin(/i  — a) 

9.902848 

9.967762 

9.969952 

9.996888 

log  COS  (/i  — a) 

9.779478 

9.569889 

9.555679 

9.080040 

logf 

9.664982 

9.780401 

9.782691 

9.769477 

f 

+  0.462862 

+  0.687528 

+  0.640244 

+  0.674748 

log  il  sin  B 

9.909898 

9.909898 

9.909898 

9.909898 

logAeoBB 

9.542112 

9.882528 

9.818818 

8.842679 

B 

66*»  47'  82".2 

75*»  10'  40".4 

75<>88'    6".9 

850    6'  14".8 

B  —  d 

47    48  82  .4 

56      7  14  .8 

56    84  42  .0 

66     8  22  .8 

log  A 

9.946544 

9.924596 

9.928698 

9.911486 

log  lin  {B^d) 

9.869192 

9.919191 

9.921499 

9.960919 

]ogeoB  {B-d) 

9.827809 

9.746201 

9.740991 

9.608856 

log  7 

9.815786 

9.848786 

9.845192 

9.872405 

7 

4-  0.654289 

+  0.697888 

+  0.700152 

+  0.745427 

'ogC 

9.774858 

9.670796 

9.664684 

9.519841 

rl  +  «,       log  • 

7.668248 

7.661187 

7.661187 

7.668252 

/ 

+  0.588956 

—  0.011940 

—  0.011944 

+  0.688772 

«C 

+  0.002789 

+  0.002148 

+  0.002117 

+  0.001624 

£ 

+  0.581217 

—  0.014088 

—  0.014061 

+  0.582248 

m.  The  epoch  of  the  table  of  x'  and  y'  being  7J=  2*,  we  have 
for  this  time 

jp,  =  —  0.199775  yo=  +  0.802185 

with  which  we  proceed  to  find  the  values  of  w. 


msin  M  z=zXq —  f 

»co8Jf  =  yo  — 7 

log  m  sin  M 

log  m  €08  M 

M 

logm 

For  <  +  «,  N 

"      "  log  n 

M^N 

log  sin  (if  — JV) 


—  0.662187 

+  0.147946 

919.820948 

9.170107 
282**  85'  42".8 

9.881527 
980  21'    2M 

9.760198 
184<»  14'  40".7 
n8.869821 


—  0.787808 

4-  0.104297 

n9. 867646 

9.018272 
278<>    8'    5".4 

9.871949 
98«>22'    6".l 

9.760206 
179041'  0".8 

7.742868 


—  0.740019 

+  0.102083 

n9.869242 

9.008741 
277*»51'  1".6 

9.873881 
98<»22'  8".2 

9.760206 
179<>  28'  58".8 

7.956643 


—  0.774623 

+  0.056758 

n9.889085 

8.754027 
2740  11'  28".8 

9.890198 
98*»28'  7".3 

9.760200 
175<»  48'  21".0 

8.864185 
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logZ 

9.725272 

fi8.148849 

n8.148016 

9.726114 

log  sin  4 

fi8.975576 

n9.466468 

n9.681968 

9.028219 

4 

186<>  26'  27".7 

8480    1'    8".6 

208*»  44*^  14".0 

6o    7'«3".2 

ir-j\r^4 

368    49  18  .0 

196    89  61  .7 

880    44  89  .8 

169   40  47  .8 

logBm{M—N—^) 

n8.818626 

919.467626 

n9.689061 

9.268208 

h  =  8600,        log  A 

8.666808 

logr 

2.966682 

8.660109 

8.676621 

8.911290 

T 

+  0*16"24'.0 

_|_  l»  16- 12'.0 

+  1M9«  S-.l 

+  2*15-62'.5 

T^-t 

—  1  88   10.8 

—  2  88    67.6 

-2  41    54.2 

—  8  88  82.9 

o 

—  1  22    46.8 

—  1   22    46.6 

—  1  22   46.1 

—  1  22  40.4 

IV.  JEquations  of  condition. — ^To  find  T^  and  x,  we  have  foi 

log  x^  =  n9.3006  JV  =  98^  20'.7 

logyo==    9.9048  log  n  =  9.7602 

whence 

—  5L?^?i^  =  4-  0.8434        —  ar^  cos  i\r  =  —  0.0290    log  JT  =  2.9822 

-~y^^^^^  =  +  0.2028        +  y,  sin  iVr=  + 0.7988    logr'    =0.0066 

»  =  +  0.7648    log  fc    =  3.5599 


T^=     2\5457 
i:=  3680" 


log  »  =      9.8885    log  —  =  9.4157 
r'jr 


log  p  =  log  ^^^  =  9.9128 
1—ee 


log  V  =  log  —  =  0. 


"With  these  constants  prepared,  we  readily  form  the  coefficients 
of  the  equations  of  condition  as  follows : 


litJExtCont. 

lrtInt.OoDt. 

2dliit.Cont. 

M]Brt.Oont 

log  tan  4 

8.9776 

119.4848 

9.7890 

9.0807 

log  860  4 

n0.0019 

0.0194 

ftO.0671 

0.0026 

V  tan  4 

+  0.168 

—  0.626 

+  0.944 

+  0.186 

V  800  4 

—  1.780 

+  1.801 

—  1.964 

+  1.788 

«+«-?'. 

—  0*.2762 

+  0».7866 

+  0*.7860 

+  1*  7800 

iog(<  +  «-r,) 

n9.4412 

9.8666 

9.8964 

0.2880 

v»»(<  + «-?•,) 

—  0.2789 

+  0.7296 

+  0.7796 

+  1.7166 

—  XV  tan  ^ 

—  0.1261 

+  0.4028 

—  8.7228 

—  0.1414 

-^v.ec4 

+  0.4606 

—  0.4691 

+  0.6117 

—  0.4512 

E 

+  0.0616 

+  0.6627 

+  0.6689 

+  1.1229 

lOHGHUDB, 
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]«tbt.Oont. 

litlntCont. 

2dIiit.Oont 

ad  Ext.  Oo&t 

—  0.2789 

—  0.1261 
+  0.9192 

+  0.7296 
+  0.4028 
+  0.0264 

+  0.7796 

—  0.7228 

—  0.0276 

+  1.7166 

—  0.1414 

—  0.9222 

+  0.6202 
9.7162 
9.6246 

+  1.1672 
0.0684 

+  0.0296 
8.4718 

+  0.6619 
9.8142 

9.2408 

2880  46'.2 

9.8766 

0.1264 

9.6880 
8P  2r.8 

9.1766 
n0.1489 

7.9969 

807«»  4'.9 

9.7808 

0.1816 

9.8888 

104<>  28'.8 

fi9.8978 

n0.1270 

9.6080 
+  0.1741 
+  0.8184 

n9.8206 
-f  0.8878 
—  0.2092 

9.9619 
+  0.0099 
+  0.9160 

9.6248 
+  0.2182 
+  0.8849 

+  0.4926 

+  0.1781 

+  0.9269 

+  0.6631 

—  XV  tan  4 
-^  X  V  seo  4» 

log 
logJ/J^ 

log  Ist  part  of  F 

-y  +  4 

log  COS  {N  +  ^) 

log  ( —  V^  008  d  860  ^) 

log  2d  part  of  F 
l8t  part  of  F 
2d    «     «  jP 

F 


Putting  ft>'  +  vy-  =  J2,  we  have,  therefore,  for  the  four  Konigs- 
berg  observations,  the  equations 


(A) 


O=--l»22«46'.8  +  0.168i»  — 1.780  fl-At— 1.780  — +  0.062  A7r  +  0.498^AM 


fl=— 1   22  46.6—0.626 

—  1.801 

+  1.801 

+  0.668 

+  0.178 

Q=— 1  22  46.1  +  0.944 

+  1.964 

—  1.964 

+  0.669 

+  0.926 

0=— 1   22  40.4  +  0.186 

+  1.788 

+1.788 

+  1.128 

+  0.663 

where  we  have  annexed  a  column  for  the  weight  j>,  giving 
interior  contacts  double  weight. 

A  similar  computation  for  the  two  observations  at  Washington 
gives  the  following  equations,  in  which  J2'=a>"+ vy,  ft>"  de- 
noting the  true  longitude  of  Washington : 


(B) 


0'=6»7"»29'.9  + 1.660  i» 

0'=6  7    21.9  —  2.406     +2.969 


imivLk  —  2.892  —  —  2.681  Att  +  0.722  7rAe« 


+  2.969        +0.609       —1.823 


More  observations  would  be  necessary  in  order  to  determine 
all  the  corrections ;  but  I  shall  retain  all  the  terms  in  order  to 
illustrate  the  general  method.  Subtracting  each  of  the  Konigs- 
berg  equations  from  each  of  those  which  follow  it,  we  obtain  the 
six  equations, 
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0  =  +  1'.2  —  0.689  &  —  0.071  ttAA:  +  8.681  —  +  0.611  Air  —  0.816tA« 

0  =  + 0.7  4- 0.781  +8.694  —0.284  +0.617  +0.488 

0  =  +  6 .4  +  0.022  +  8.468  +  8.468  +  1.071  +  0.060 

0  =  —  0 .6  +  1.470  +  8.766  —  8.766  —  0.094  +  0.748 

0  =  + 6.2 +  0.711  +8.684  —0.068  +0.460  +0.876 

0  =  +  6.7— 0J69  —0.281  +8.697  +0.664  —0.878 


where  the  weight  in  each  case  is  the  quotient  ohtained  by 
dividing  the  product  of  the  two  weights  of  the  equations  whose 
difference  is  taken,  by  the  sum  of  the  weights  of  the  four 
original  equations  (Art.  334). 

The  same  method,  applied  in  the  case  of  the  two  Washington 
equations,  gives  the  smgle  equation 


m 


0  =  —  8'.0  —  4.066^  +  6.861  trA*  +  6.861  ^—  +  8.190  Aa-  —  2.066irA« 


+    6.185 

+  10.040 

^2.675 

+  84.606 

+  10.740 

-  8.214 

+  10.740 

+    6.672 

—  8.816 

—    8.214 

—    8.816 

+  2.676 

From  the  equations  (A')  and  (B ')  are  formed  the  following 
final  equations,  having  regard  to  their  weights,  in  the  usual 
manner : 

0  =  +  15.496  +  10.426  ^  —    5.800  ir^k  —  16.377  —  —    6.609  Air  +  6.281  irAw 

0  =  — 12.445—    6.800  +84.506 

0  =  —    8.191  —  16.877  +    6.186 

0  =  —    9.871  —    6.609  +  10.040 

0  =  +    7.961  +    6.281  —    2.576 

As  we  cannot  expect  a  satisfactory  determination  of  a^  and  JTAf/ 
from  these  observations,  we  disregard  the  last  t\vo  equations, 

and  then,  solving  the  first  three,  we  obtain  tf,  ttaA:,  and--7-in 

terms  of  A;r  and  ;rAee,  as  follows : 

^  =  —  4".36  +  0.376  AJT  —  0.525  i:Aee 
w A/r  =  +  0  .02  —  0.216  att  —  0.004  ic^ee 

=^=  —  1  .88  —  0.095  A»  —  0.010  wAe« 


These  values  substituted  in  the  equations  (A)  give 

fl  ==  —  1»  22"  44'.38  4-  0.651  ajt  +  0.482  irAee 
fl  =  — 1  22    46.64  +  0.684       +0.448 
fl=  — 1  22   46.58  +  0.685       +0.442 
fl=  — 1  22   44.34  +  0.658       +0.482 
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the  mean  of  which,  giving  the  second  and  third  double  weight,  is 

(A")  fl  ==  — 1»  22-  45'.86  +  0.674  ajt  +  0.430  ttacc 

The  equations  (B)  become 

Qf=  6*  7-  26'.09  —  1.314  at  —  0.116  vLee 
Qf^b  1    27.08  —  1.314       —0.101 

the  mean  of  which  is 

(B")  1^=  6»  7-  27'.01  —  1.314  Air  —  0.109  rA€« 

Now,  if  we  assume  the  longitude  of  Konigsberg  to  be  well 
determined,  we  have 

fl  =  w'-f  vj'  =  -.  P  22-  0'.4  +  vr 

which,  with  the  equation  (A''),  gives 

vr  =  —  45'.46  +  0.674  ajt  +  0.439  vi^ee 

Hence,  by  (B"),  the  true  longitude  of  Washington  is 

m"=  fl'—  vr  =  5*  8*  12*.47  —  1.988  a«  —  0.548  ^Ace 

If  the  longitude  of  Washington  were  also  previously  well  estab- 
lished, this  last  equation  would  give  us  a  condition  for  deter- 
mining the  correction  of  the  moon's  parallax.  Thus,  if  we  adopt 
fi,"=5*  8*  12'.84,  which  results  from  the  U.S.  Coast  Survey 
Chronometric  Expeditions  of  1849,  '50,  '51,  and  '65,  this  equation 
gives 

0  =  4-  0.13  —  1.988  UTz  —  0.548  ni^ee 
whence 

ajt  =  +  0".07  —  0.276  T^ee 

The  probable  value  of  Af^,  according  to  Bessel,  is  within 
dr  0.0001,  so  that  the  last  term  cannot  here  exceed  O'MO.  If, 
therefore,  the  above  observations  are  reliable  and  the  supposed 
longitudes  exact,  the  probable  correction  of  the  parallax  indi- 
cated scarcely  exceeds  0".l,  a  quantity  too  small  to  be  established 
by  so  small  a  number  of  observations.  Nevertheless,  the  example 
proves  both  that  the  adopted  parallax  is  very  nearly  perfect,  and 
that  a  large  number  of  observations  at  various  well  determined 
places  in  the  two  hemispheres  may  furnish  a  good  determination 
of  the  correction  which  it  yet  requires. 
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Finally,  the  corrections  of  the  Ephemeris  in  right  ascension 
and  declination,  according  to  the  ahove  determination  of  y  and 
I?,  are  found  by  (586)  to  be  (putting  a'  for  a  and  d'  for  d) 

A(a  —  a')  =  —  28".42  +  0.469  Air  +  0.187  irAft? 
£^(p  —  ^')  =  —    0  .48  +  0.814  AJT  —  0.556  ^c^ee 

This  large  correction  in  right  ascension  agrees  with  the  results 
of  the  best  meridian  observations  on  and  near  the  date  of  this 
eclipse.  Since  that  time  the  Ephemerides  have  been  greatly 
improved. 

LUXAR  ECLIPSES^ 

To  find  whether  near  a  given  opposition  of  the  moon  and  sim 
a  lunar  eclipse  will  occur. — ^The  solution  of  this  prob- 
lem is  similar  to  that  of  Art.  287,  except  that  for 
the  sun*s  semidiameter  there  must  be  substituted  the 
apparent  semidiameter  of  the  earth's  shadow  at  the 
distance  of  the  moon ;  and  also  that  the  apparent 
distance  of  the  centres  of  the  moon  and  the  shadow 
will  not  be  affected  by  parallax,  since  when  the 
earth's  shadow  falls  upon  the  moon  an  eclipse  occurs 
for  all  observers  who  have  the  moon  above  their 
horizon.  If  /S,  Fig.  45,  is  the  sun's  centre,  E  that 
of  the  earth,  LM  the  semidiameter  of  the  earth's 
shadow  at  the  moon,  we  have 

Apparent  semidiameter  of  tJie  total 
shadow  =  LEM 

=  BLE-~ErZ 

=  BLE  -r-  {AES--  EA  F) 

#here  we  employ  the  same  notation  as  in  Art  287. 

But  observation  has  shown  that  the  earth's  atmosphere 
increases  the  apparent  breadth  of  the  shadow  by  about  its  one- 
fiftieth  part:*  so  that  we  take 

*  This  ftraotional  increase  of  the  breadth  of  the  shadow  was  given  by  Lambut  m 
^,  and  by  Mates  as  ^.  Biek  and  Madlbb  found  ^  from  a  number  of  obserfttions 
of  eclipses  of  lunar  spots  in  the  very  farorable  eclipse  of  December  26, 1888.  See 
**  Der  Mond  naeh  seinen  kotmUehen  und  individueUen  VerhaltruMen^  oder  dUgemoM 
verfflekhende  StUnographU^  v<m  Wilhelm  Bsbb  und  Dn.  Johakh  Hbihbioh  BIadui,*' 
{98. 
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App.  semid.  of  shadow  =  —  (tt  —  «'  +  ir')  (587) 

In  order  that  a  lunar  eclipse  may  happen,  we  must  have, 
therefore,  instead  of  (477), 

/9co8Z'<|l(^-«'+7r')  +  «  (688) 

or,  taking  a  mean  value  of  i',  as  in  Art  287, 

/?  <  [^  (^  -  5^  +  ^)  +  «]  X  1.00472 
Employing  mean  values  in  the  small  fractional  part,  we  have 
[1^  («  -  5^+  «')  +  /l  X  .00472  =  16" 
and  the  condition  becomes 

fi<^i^-^+^)  +  s  + 16"  (689) 

If  in  this  we  substitute  the  greatest  values  of  ;r,  7t\  and  5,  and 
the  least  value  of  s\  the  limit 

/9<63'53" 

is  the  greatest  limit  of  the  moon's  latitude  at  the  time  of  opposi- 
tion for  which  an  eclipse  can  occur. 

If  we  substitute  the  least  values  of  ;r,  ;r',  and  5,  and  the  greatest 
value  of  5',  the  limit 

/9<52'4" 

Is  the  least  limit  for  which  an  eclipse  can  fail  to  occur. 

Hence,  a  lunar  eclipse  is  certain  if  at  full  moon  ^  <  52'  4", 
impossible  if  )9  >  68'  68",  and  doubtful  between  these  limits.  The 
doubtful  cases  can  be  examined  by  (689),  or  still  more  exactly 
by  (588),  employing  the  actual  values  of  ;r,  tt',  5,  s\  at  the  time, 
and  computing  J'  by  (476). 

These  limits  are  for  the  total  shadow.  For  the  penumbra  we 
have 

App.  semid.  of  penumbra  =  —  (w  +  5'  +  w')  (590) 


544  IiUNAIt  ECLIPSES, 

80  that  the  condition  (588)  may  be  employed  to  determine 
whether  any  portion  of  the  penumbra  will  pass  over  the  moon, 
by  substituting  +  s^  for  —  5'.  It  will  be  worth  while  to  make 
this  examination  only  when  it  has  been  found  that  the  total 
shadow  does  not  fall  upon  the  moon. 

889.  To  find  the  time  taken  a  ffiven  phase  of  a  lunar  e(^st  will 
occur. — The  solution  of  this  problem  may  be 
derived  from  the  general  formnln  given  for 
solar  eclipses,  by  interchanging  the  moon  and 
earth  and  regarding  the  lunar  eclipse  as  an 
eclipse  of  the  sun  seen  from  the  moon ;  bat  the 
following  direct  investigation  is  even  more 
simple. 

Let  5,  Fig.  46,  be  the  point  of  the  celestial 
sphere  which  is  opposite  the  sun,  or  the  appar* 
ent  geocentric  position  of  the  centre  of  the 

earth's  shadow;  My  the  geocentric  place  of  the  centre  of  the 

moon ;  P,  the  north  pole.    If  we  put 

a  =:  the  right  asconsion  of  the  moon, 
a'  =  the  right  asceuBion  of  the  point  S, 

=  R.  A.  of  the  sun  +  180°, 
d  =  the  declination  of  the  moon, 
d'  =  the  decliaation  of  the  sun, 
Q  =  the  angle  PSM, 
L  =  SM, 
we  have 

—  d'=  the  declination  of  5, 

and  the  triangle  PSJf  gives 

sin  i  sin  Q  =  cos  b  sin  (a  —  a') 

sin  i/  cos  Q  =3  cos  ^'  sin  H  -f  sin  d'  cos  ^  cos  (•  —  a^) 


}   (691j 


The  eclipse  begins  or  ends  when  the  arc  8M\a  exactly  equal  to 
the  sum  of  the  apparent  semidiameters  of  the  moon  and  the 
shadow.  The  figure  of  the  shadow  will  differ  a  little  from  a 
circle,  as  the  earth  is  a  spheroid;  but  it  will  be  sufficiently  accu- 
rate to  regard  the  earth  as  a  sphere  with  a  mean  radius,  or  that 
for  the  latitude  45°.  This  is  equivalent  to  substituting  for  ;r  iu 
(587)  and  (590)  the  parallax  reduced  to  the  latitude  45'*,  which 
may  be  found  by  the  formula 
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^j  =  [9.99929]  ic  (592) 

where  the  factor  in  brackets  is  given  by  its  logarithm. 

Hence  the  first  and  last  contacts  of  the  moon  with  the  pe- 
numbra occur  when  we  have 

i  =  |^(^.  +  ^+«')  +  «  (593) 

For  the  first  and  last  contacts  with  the  total  shadow, 

i  =  |J(^,-«'+'^)  +  «  (594) 

For  the  first  and  second  internal  contacts  with  the  penumbra, 

i  =  |^(^i  +  ^+^)~«  (595) 

For  the  first  and  second  internal  contacts  with  the  total  shadow, 
or  the  beginning  and  end  of  total  eclipse, 

i  =  |l(^,~^+^)-5  (596) 

The  solution  of  our  problem  consists  in  finding  the  time  at 
which  the  equations  (691)  are  satisfied  when  the  proper  value  of 
L  is  substituted  in  them.  A  very  precise  computation  would, 
however,  be  superfluous,  as  the  contacts  cannot  be  observed  with 
accuracy,  on  account  of  the  indefinite  character  of  the  outline 
both  of  the  penumbra  and  of  the  total  shadow.  It  will  be  sufli- 
cient  to  write  for  (591)  the  following  approximate  formulae,  easily 
deduced  from  them: 

i  sin  §  =  (tt  —  a')  cos  d  \ 

flin  1"  ' 

Let  us  put 

sin  2  d  Bin' }  (a  —  a') 

*""  '•     BkTr 

a:  =  (a  — a')  cos  (J  )    (598) 

a/,  y'srr  the  hourly  increase  of  x  and  y , 
then,  if  the  values  of  x  and  y  are  computed  for  several  successive 
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hotii*B  Bear  the  time  of  foil  mooxi,  we  shall  also  have  x'  and/ 

from  their  differences ;  and  if  Xq  and  yo  denote  the  values  of  z 

and  y  for  an  assumed  epoch  7J,  near  the  time  of  opposition,  we 

shall  have  for  the  required  time  of  contact  T=Tq+t  the 

equations 

L  sinQ  =  x^-\-  a/r 

Zr  cos€  =  y,-fy'^ 

from  which  r  is  obtained  by  the  process  already  frequently 
employed  in  the  preceding  problems.  Thus,  computing  the 
auxiliaries  m^  M^n^  N^  by  the  equations 


'0  71  Bin  ^y  =  ar  |    ^jgg^ 


m  sin  Jf  =  rCp  n  sin  JV"  =  a/ 

meoBM=y^  »cosJV=y' 


we  shall  have 


sm  4  = ^ ^ 

X  cos  4       m  cos  (M  —  JT)  V  (600) 

^  ~       n  n 

in  which  w6  take  cos  4"  with  the  negative  sign  for  tiie  first  contact 
and  with  the  positive  sign  for  the  last  contact. 

The  angle  §  =  iV+  4^  is  very  nearly  the  supplement  of  the 
angle  PMSj  Fig.  46 ;  from  which  we  infer  that  the  angk  of  posi- 
tion of  the  point  of  contact  reckoned  on  the  moon*  8  Umbfrom  the  north 
point  of  the  limb  iatoards  the  east  =  180®  +  JV+  i^. 

The  time  of  greatest  obscuration  is  found,  as  in  Art  824,  to  be 

r,=  r.-'""°^^f--^  (601) 

which  is  also  the  middle  of  the  eclipse. 

The  least  distance  of  the  centres  of  the  shadow  and  of  the 
moon  being  denoted  by  J,  we  have,  as  in  .Art  824, 

J  =  ±  m  sin  (Jfcf  —  JT)  (602) 

the  sign  being  taken  so  that  J  shall  be  pogdtive.    If  then  we  pat 

D  =  the  magnitude  of  the  eclipse,  the  moon's  diameter  being 
«uty, 
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64r 


we  evidently  have 


D  = 


L  —  A 

28 


(603) 


in  which  the  value  of  L  for  total  shadow  from  (694)  \»  to  he 
employed. 

The  small  correction  c  in  (698)  may  usually  be  omitted,  but 
its  value  may  be  taken  at  once  from  the  following  table : 

Value  of  e. 


6 

a  — a' 

0" 

1000" 

2000" 

8000" 

4000" 

6000" 

6000» 

0° 

0" 

0" 

0" 

0" 

0" 

0" 

0" 

5 

0 

0 

1 

2 

S 

5 

8 

10 

0 

0 

2 

4 

7 

10 

15 

16 

0 

1 

2 

6 

10 

15 

22 

20 

0 

1 

8 

7 

13 

19 

28      , 

25 

0 

1 

4 

8 

15 

23 

83 

30 

0 

1 

4 

9* 

17 

26 

88 

The  quantity  e  has  the  same  sign  as  d,  and  is  to  be  subtracted 
algebraically  from  b  +  d'. 

Example. — Compute  the  lunar  eclipse  of  April  19, 1856.  The 
Greenwich  mean  time  of  full  moon  is  April  19,  21*  5"*.6.  We 
therefore  compute  the  co-ordinates  x  and  y  for  the  Greenwich 
times  April  19,  18*,  21*,  24*. 

18*  21*  24* 


D  E.  A.  =  a 

0  R  A.  +  180<>  =  a' 

9 

a  —  ft 

a-^  »'(in  arc) 

3  Decl.  =  d 

O     "     =^ 

—  « 

y 

log  (.  —  a*) 

log  COS  * 

log  X 


18»46-86'.62 
13  52   52. 

—  6   16.361 

—  5645" 

—11°  27'  0".2 
+11  85  49  .4 
+  13. 

+  542" 

n3.7516« 

9.99127 

n3.74298 


13»52-  9'.81 
13  53   20.93 

—  1    11.12 

—  1067" 

— 12»  6'43".7 
+11   88' 22  .8 
0  . 
-        1701" 

n3.02816 

9.99022 

n3.01888 


13»57-45M2 
18  53  48.88 
+  8  56.24 
+     3544" 

-12°  46'  5".5 
+11  40  56  .6 
+  6. 

—        8908"' 

8.54949 
9.98913 
8.58862 
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Hence  we  have  the  following  table : 


X 

Diff. 
=  8z' 

y 

Diff. 

18» 

21 

24 

—  6688" 
-1048 
+  8456 

+4490 
+4499 

a/ =  +  1498 

+    642" 

—  1701 

—  8908 

—  2248 

—  2202 

^  =  -741 

To  find  X,  we  have,  by  (598)  and  (594), 


«  =  64'  82"     «,  =  8267" 
«'=   957 

«'= 9^ 

,j  _  «'  +  ^  =  2819 

Jb  («,-«'  +  «')=     46 
«=    891 


,,+  «'  +  ^  =  4283" 

A  («.  +  «'+«')=     86 
a=  891 

L  for  ponumbra  =  5209 


L  for  shadow  =  8256 
Assuming  the  time  Tq=  21*,  we  proceed  by  (599)  and 


x,x=m  Bin  M 

—  1048 

a/  =  n  sin  JV 

+  1498 

y,  =  fn  cos  M 

—  1701 

y'  =  n  COB  JV 

—   741 

M 

210"  Sl'.O 

JV 

116»  iir.2 

logm 

8.8000 

logn 

8.2230 

—  -  COB  (3f  —  iVT)  =  +  0».108 
r,  =      21 


T^  =  Time  of  middle  of  eclipse  =     21  .108 


Shadow. 

PwmiBtom. 

log  sin  4 

Xcos  4 

n 

9.7856 

:F    1»642 

21  .108 

9.5815 

q:    2».881 

21  .108 

Beginning 
End 

19.566 
22.660 

18  .227 
28.989 

For  the  magnitude  of  the  eclipse,  we  have,  by  (602)  and 
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m  sin  (Jf  —  J\0=  -4  =  1987" 
Z  =  8256 
i  —  J  =  1269 
2«  =  1782 


I>  =  1?«?  =  0.71 

1782 


For  the  position  of  the  points  of  contact  with  the  shadow,  we 
have,  from  the  above  value  of  log  sin  '^  for  shadow,  taking  cos  '4' 
as  negative  for  first  and  positive  for  second  contact, 


Ist  ContMt 

2d  ContMt. 

+ 

N 
180<»+JV+4 

142»  24' 

116   19 

78   48 

87°  86' 
116    19 
888   55 

and  hence 

1st  contact  is  79^  from  north  point  of  limb  towards  the  east, 
2d  26°    «        "         "  "  "  west. 

The  times  of  the  several  contacts  for  any  meridian  are  obtained 
from  the  times  above  found  by  subtracting  the  west  longitude  of 
that  meridian. 

OCCULTATIONS   OP  FIXBD   STARS. 

S40.  The  occultation  of  a  fixed  star  by  the  moon  may  be 
treated  as  a  simple  case  of  a  solar  eclipse,  in  which  the  sun  is 
removed  to  so  great  a  distance  that  its  parallax  and  semidiameter 
may  be  put  equal  to  zero.  The  cone  of  shadow  then  becomes 
a  cylinder,  and  the  point  Z  of  Art  289  is  nothing  more  than 
the  position  of  the  star,  so  that  the  co-ordinates  of  the  moon  at 
any  time  are  found  by  the  formulae  (482)  by  regarding  a  and  d 
as  the  right  ascension  and  declination  of  the  star.  In  like 
manner  the  co-ordinates  of  the  place  of  observation  will  be  found 
by  (483).  The  radius  of  the  shadow  is  constant  and  equal  to  Ar, 
which  is,  therefore,  to  be  substituted  (or  L  =  I  —  i^  in  (490)  and 
(491).  The  co-ordinates  z  and  ^  will  not  be  required  unless  we 
compute  the  latter  for  the  purpose  of  taking  into  account  the 
effect  of  refraction  according  to  Art.  827. 

For  the  convenience  of  the  computer  I  shall  here  recapitulate 
the  formulae  required  in  the  practical  applications,  making  the 
modifications  just  indicated. 


550  OCCULTATIONB  0?  FIXED   8TAE9. 

S41.  To  find  the  longitude  from  an  observed  occuUation  of  a  star  ijf 
the  moon.— According  to  the  method  of  Art.  829,  we  proceed  as 
follows : 

L  Find,  approximately,  the  time  of  conjunction  of  the  moon 
Hud  star  in  right  ascension,  reckoned  at  the  first  meridian.  Take 
from  the  Ephemeris,  for  four  consecutive  integral  hours,  two 
preceding  and  two  following  the  time  of  conjunction,  the  moon's 
right  ascension  (a),  declination  (5),  and  horizontal  parallax  (jt). 
Take  also  from  the  most  reliable  source  the  star's  right  ascension 
(a')  and  declination  {8'). 

For  each  of  these  hours  compute  the  co-ordinates  x  and  y  by 
the  formulas 

cos  9  sin  (a  —  a') 

x= ^ 

sinir 

8ia(^  —  S')  COS'  J  (a  —  a')  +  sin  (d  +  d')  sin>  *(•  —  •') 

y  =r ,_ 

sm  ?* 

and,  arranging  their  values  in  a  table,  deduce  their  honrlj 
variations  x'  and  y'  for  the  same  instants  for  which  x  and  y  have 
been  computed. 

n.  Let  /i  be  the  local  sidereal  time  of  an  observed  immersion 
or  emersion  of  the  star  at  a  place  whose  latitude  is  f ,  and  west 
longitude  (o ;  t  the  corresponding  local  mean  time.  The  co-o^ 
dinates  of  the  place  are  to  be  computed  by  the  formulse 

A.Bin  B  =sp  Bin  f'  ^  =  p  cos  /  sin  (;*  —  •  ) 

A  cob£  =  ^oo8  f'cos  (;»  —  •')  7  =  i4  sin(£  — a') 

C  =  4oos(5  — a') 

"When  log  f  is  small,  add  to  logs  f  and  tj  the  correction  for 
refraction  from  the  table  on  p.  517. 

in.  Assume  any  convenient  time  Tq  reckoned  at  the  first 
meridian,  so  near  to  t  +  w  that  x  and  y  may  be  considered  to 
vary  proportionally  with  the  time  in  the  interval  <  +  oi  —  71. 
For  the  assumed  time,  take  the  values  of  x  and  y  (denoting  them 
\ij  Xq  and  ]/o),  and  also  those  of  x'  and  y',  and  compute  the  aux- 
iliaries m,  J!f,  &c.  by  the  formulse 
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msm  M=s:x^  —  $  n  sin  JV  =  a/ 

m  cofljf  =  y^,  — 17  nco8JV=iy' 

Bin  ^^"^finCjtf-iVO  1     J  ^  9.435000* 

where  4"  is  (in  general)  to  be  so  taken  that  cos  4"  shall  be  nega- 
tive for  immersion  and  positive  for  enxersion  (but  in  certain 
exceptional  cases  of  rare  occurrence,  and  of  but  little  use  in 
finding  the  longitude,  see  Art.  330).     Then 

hk  cos  4      km  cos  ( Jf  —  N) 

n  n 

or,  when  sin  4^  is  not  very  small, 

km  sin  (M  —  N  —  4) 

n    "  Bin^f 

K  the  local  mean  time  i  was  observed,  take  A  =  3600  in  these 
formulsB,  and  then  the  longitude  will  be  found  by 

But  if  the  local  sidereal  time  fi  was  observed,  take  h  =  3609.866 
in  the  preceding  formulae ;  then,  /^  being  the  sidereal  time  at  the 
first  meridian  corresponding  to  TJ, 

♦  The  longitude  thus  found  will  be  afifected  by  the  errors  of  the 
Ephemeris. 

IV.  To  form  the  equations  of  condition  for  correcting  the 
longitude  for  errors  of  the  Ephemeris  when  the  occultation  has 
been  observed  at  more  than  one  place,  compute  the  auxiliaries 

»  =  —  x^coB  N  +  y^  sin  N 

the  same  value  of  A  being  used  as  before. 

'  *  Aooording  io  OrDiMAivs  (Atiran.  Nach.,  Vol.  LL,  p.  80),  we  should  use  for  oooul- 
tations  k  =  0.27264,  or  log  k  =  9.486590,  which  amouuts  to  taking  the  moon's 
apparent  semidiameter  about  1".25  greater  iu  occultations  than  in  solar  eclipses. 
Bat  it  is  only  for  the  reduction  of  isolated  obserrations  that  we  need  an  exact  ralue, 
since,  when  we  haye  a  number  of  observations,  the  correction  of  whatever  ralue  of 
k  we  may  use  will  be  obtained  by  the  solution  of  our  equations  of  condition. 
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Then,  for  each  observation  at  each  place,  compute  the  coeffi^ 
cients  v  tan  i^,  p  sec  i^,  and 

j&  =  vn (^  +  «  —  2\)  —  xji  tan  + 

where  a>  is  the  approximate  longitude  and  the  unit  of  2  +  a»  —  21 
is  one  mean  hour,  and  also 

*  COS  4' 

in  which 

fi  =  J^5_?!  log  (1  —  6c)  =  9.99709 

Then,  io'  denoting  the  true  longitude, 

«»'==  w  —  vy  -^v  tan  4  .  *  +  V  sec  4  .  leAk  -{-  S,  An  -{-  F . icue 

in  which  y  and  i>  have  the  signification 

y  =       Bin  N  cos  d  A(o  —  o')  +  cos  JV  a(^  —  d') 
*  =  —  cos  iV"  cos  d  A(o  —  o')  +  sin  N  A(d  —  d') 

The  discussion  of  the  equations  of  condition  thus  formed  may 
then  be  carried  out  precisely  aa  in  Art.  834,  taking  y^  t^,  itJc,  ^y 
and  TTAee  as  the  unknown  quantities. 

Example. — The  occultation  of  Aldebaran,  April  15, 1850,  wm 
observed  at  Cambridge,  Mass.,  and  Konigsberg,  as  follows:* 

At  Cambridge,  f  =  42«  22'  48".6,  «  =  4»  44*  30-. 

Immersion,   2*  1""  52'.45  Mean  time. 
Emersion,     3   1    38.35      »*        « 

At  Konigsberg,  ^  =  54^  42'  50".4,  m  =  —  1*  22*  Ci 

Immersion,   10*  57*  43v66  Sidereal  time. 
Emersion,     11  47    47.60         "         « 

I.  The  Greenwich  mean  time  of  conjunction  of  the  moon  and 
star  was  about  7*  80*,  and  hence  we  take  our  data  from  the 
Nautical  Almanac  as  follows : 

*  Astronomloal  Journal,  Vol.  I.,  pp.  189  and  176. 
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I860  April  15. 

a 

i 

>r 

6» 

65»  56'  21".16 

+  16<»40'    0".05 

58'  55".22 

7 

66    82  32  .06 

16   46  30  .53 

58  55  .87 

8 

67      8  46  .02 

16    52  64  .77 

58  56  .49 

9 

67    45    3  .02 

16    69  12  .76 

58  57  .10 

The  position  of  Aldebaran  for  the  same  date  was 

a'=  66^  4^  33".9  ^'=  +  16°  12'  1".7 

Hence,  by  L  of  the  preceding  article,  we  form  the  following 
table: 


Gp.T. 
6» 

s 

j/ 

y 

y' 

—  0.86519 

+  0.58849 

+  0.47664 

+  0.10871 

7 

—  0.27671 

47 

.68631 

63 

8 

+  0.31176 

42 

.69390 

56 

9 

4-  0.90014 

32 

.80243 

48 

n.  The  sidereal  time  of  Greenwich  Mean  Noon,  April  15, 
1860,  wa^  1*  83*  8*.96.  With  this  number,  converting  the 
Konigsberg  times  into  mean  times  for  the  sake  of  uniformity,  we 
and 


Cambridge. 

Kttnlgsberg. 

Inuneralon. 

£iii6nioii. 

Immenion. 

Emersion. 

/ 

2*    1"»52'.46 

8*    !-•  SS'.SS 

9»  28«  15*.  64 

10*  13"»  ll'.SS 

#  +  « 

6    46    22.45 

7  46      8.85 

8     1    15.24 

8   51     10.98 

^ 

540    2'    2".65 

690    (y  58".85 

I640  25'  64".90 

176«  56'  64".00 

,*-*' 

347    12   28.66 

2    11   24.45 

97    86  21  .00 

110      7  20  .10 

log  p  sin  4 

9.826441 

9.909898 

log  p  cos  ^' 

9.869121 

9.762639 

logf 

fi9.214824 

8.451862 

9.758801 

9.78528T 

log  7 

9.646065 

9.641159 

9.904038 

9.922176 

logC 

9.944427 

9.952794 

9.185091 

8.549726 

The  value  of  log  f  has  been  found  in  order  to  find  the  correc- 
tion for  refraction.  This  correction  is  here  quite  sensible  in  the 
case  of  the  Konigsberg  observations  which  were  made  at  a  great 
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zenith  distance.  By  the  table  on  p.  617,  we  find  that  the  loga- 
rithms of  f  and  17  must  be  increased  by  0.000006  for  immersion, 
and  by  0.000041  for  emersion.  Applying  these  corrections,  the 
values  of  the  coordinates  are  as  follows : 


—  0.16880 
4-  0.44266 


+  0.02827 
+  0.48768 


+  0.67886 
+  0.80176 


+  0.54866 
H- 0.88602 


in.  Assuming  convenient  times  not  far  from  t  +  WjWe  lave 


Aflsumed  Tq 

Xq — f  ^fiisin  M 

y^  «^  17  =  m  cos  M 

M 

logm 

x'=  n  sin  JV 

y'  =  n  008  JV 

N 

4 
(A  =  8600)  T 


6*.8 

—  0.89440 
+  0.66868 

—  0.28460 
+  0.12092 

297«  40*  16".6 
9.416608 
+  0.58847 
+  0.10865 
79«  82*  21".l 
216    11  85.9 
—  89*.  74 
4*  44-»  87*.  81 


7*.8 
+  0.19406 
+  0.67218 
+  0.16679 
+  0.28450 
W  15'  86".l 
9.468164 
4-  0.58848 
+  0.10857 
790  82'  45".8 
312    88  59  .0 
—  128«.82 
4*  44«  12'.88 


8».0 
+  0.81176 
-I-  0.69890 

—  0.26210 

—  0.10786 
247*88'    1".0 

9.452488 

+  0.58842 

+  0.10856 

79*  82*  48".6 

167    85  28  .5 

—  68».68 
—  1*22"   7'.01 


8*.86 

.|  0.81188 

4-  0.78616 

4-  0.26822 

—  0.04987 

lOO»81'67-.7 

9.486871 

+  0.68886 

+  0.10849 

79«»88'  8".6 

21     1  28 .1 

^  3'.62 

—1*22"   4'.90 


IV.  For  the  equations  of  condition,  taking  2i=  7*.8, 


and  putting 


r,  =      7».2772 
X  =  +  0  .6258 


ir  =  8636" 

log  V  =  0.2308 


w,  =  the  true  longitude  of  Cambridge, 
a»/=  **  "  Konigsberg^ 


we  find,  neglecting  terms  in  ^ee, 

0,,  =  4»  44"  37'.81  —  vr  +  1-245  ^  —  2.108  r.tJc  —  1.293  Ai 
m^=  4  44  12  .83  —  v/'  —  1.852  ^  +  2.515  wa^  +  1.660  Air 
m/  =  —  1  22  7  .01  —  v^  —  0.374 1>  —  1.742  ituk  +  0.991  a» 
ai/=  —  1  22    14 .90  —  v^  +  0.654  *  +  1.822  icuk  +  1.196  Air 

whence  the  two  equations 

0  =  +  24-.98  +  3.097  *  —  4.623  ica*  —  2.958  Air 
0  =;=  +    7  .89  —  1.028  d  ^  3.564  nuk  -^  0.204  ajt 

If  we  determine  ^  and  ic^k  in  terms  of  att,  these  equations  give 

*  =  —  3".33  +  0.607  Air 
«A*  =  +  8  .17  —  0.232  Ajr 
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and  then  we  find 

«j  =       4»  44-  26'.98  —vy  —  0.048  Ajt 
«/=  — 1  22    lX.29  —  yr+ 1.169  A^ 

Assuming  aii'=  —  1*  22*  0*.4  as  well  determined,  the  last  equa- 
tion gives 

v/'  =  —  10'.89  +  1.169  Air 

which  Buhstituted  in  the  value  of  m^  gives 

m^  =  4*  44-  37'.87  —  1.217  ajt 

Finally,  adopting  the  correction  of  the  parallax  for  this  date  as 
given  in  Mr.  Adams's  table  (Appendix  to  the  Nautical  Almanac 
for  1866),  ATT  =  +  6'M,  this  last  value  becomes 

m^  =  4*  44"  31*.66 

which  agrees  almost  perfectly  with  the  longitude  of  Cambridge 
found  by  the  chronometric  expeditions,  which  is  4*  44*  8r.95. 
With  the  same  value  of  A;r  we  find 

r  =  --  2".90  *  =  —  0".23  Tcnk  =  +  1".99 

and  hence,  by  (686),  the  corrections  of  the  Ephemeris  ou  this 
date,  according  to  these  observations,  are 

A(a  —a')  =  —  2".93  A(^  _  ^')  =  _  0".77 

The  value  jrAk  =  +  1".99  gives  aA  =  0.00056,  and  hence  the 
corrected  value  k  =  0.27227  +  0.00056  =  0.27288,  which  is  not 
very  different  from  Oudemans's  value.     (See  p.  551). 

342.  When  a  number  of  occultations  have  been  observed  at  a 
place  for  the  determination  of  its  longitude,  it  will  usually  be 
found  that  but  few  of  the  same  occultations  have  been  observed 
at  other  places.  If,  then,  we  were  to  depend  altogether  upon 
corresponding  observations  at  other  places,  we  should  lose  the 
greater  part  of  our  own.  In  order  to  employ  all  our  data,  we 
may  in  such  case  find  for  each  date  the  corrections  of  the  moon's 
place  from  meridian  observations  (see  Art.  235),  and,  employing 
the  corrected  right  ascension  and  declination  in  the  computation 
of  X  and  y,  our  equations  of  condition  will  involve  only  terms  in 
Ti^k  and  A;r.     The  value  of  a^t  will,  however,  be  different  on 
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different  dates,  and,  therefore,  if  we  wish  to  retain  this  term,  w6 
must  introduce  in  its  stead  thie  correction  of  the  mean  parallax 
which  is  the  constant  of  parallax  in  the  lunar  tables.  K  this 
constant  is  denoted  by  icq,  we  shall  have,  very  nearly^ 


where  ir  is  the  parallax  for  the  given  date.     The  equations  of 
condition  will  then  be  of  the  form 

w^=z  w  -\-  a,  n^k  -\-  b  .  AJTp 

where 

a  =  y8ec4  b=  —  E 


In  Pbircb's  Lunar  Tables,  now  employed  in  the  construction  of 
our  Ephemeris,  7ro=  8422".06. 

343.  The  passage  of  the  moon  through  a  well  determined 
group  of  stars,  such  as  the  Pleiades^  affords  a  peculiarly  favorable 
opportunity  for  determining  the  correction  of  the  moon's  semi- 
diameter  as  well  as  of  the  moon's  relative  place,  of  the  relative 
positions  of  the  stars  themselves,  and  also  (if  observations  are 
made  at  distant  but  well  determined  places)  of  the  parallax. 
Prof.  Pbircb  has  arranged  the  formulse  of  computation,  with  a 
view  to  this  special  application,  for  the  use  of  the  U.  S.  Coast 
Survey.  See  Proceedings  of  the  American  Association  for  the 
Adv.  of  Science,  9th  meeting,  p.  97. 

844.  When  an  isolated  observation  of  either  an  immersion  or 
an  emersion  is  to  be  computed,  with  no  corresponding  observa- 
tions at  other  places,  it  will  not  be  necessary  to  compute  the 
values  of  x  and  y  for  a  number  of  hours.  It  will  be  sufficient  to 
compute  them  for  the  time  t  +  to  {t  being  the  observed  local 
mean  time,  and  w  the  assumed  longitude) ;  and,  as  the  correction 
of  this  time  will  always  be  small,  the  hourly  changes  may  be 
found  with  sufficient  precision  by  the  approximate  formulfie, 
easily  deduced  from  (482), 

,      <fo         -  J      dd 

ar=  —  cos  ^  i/=  — 
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where  da  and  d&  denote  the  hourly  increase  of  a  and  i  respect- 
ively. 

345.  To  predict  an  oceuUation  of  a  given  star  by  the  moon  for  a 
given  place  on  the  earth. — ^We  here  suppose  that  it  is  already  known 
that  the  star  is  to  be  occulted  at  the  given  place  on  a  certain 
date,  and  that  we  wish  to  determine  approximately  the  time  of 
immersion  and  emersion  in  order  to  be  prepared  to  observe  it. 
The  limiting  parallels  of  latitude  between  which  the  occultation 
can  be  observed  will  be  determined  in  the  next  article. 

For  a  precise  computation  we  proceed  by  Art  322,  making 
the  modifications  indicated  in  Art  340. 

But,  for  a  sufficient  approximation  in  preparing  for  the  obser* 
vation,  the  process  may  be  abridged  by  assuming  that  the  moon's 
right  ascension  and  declination  vary  uniformly  during  the  time 
of  occultation,  and  neglecting  the  small  variation  of  the  parallax. 
It  is  then  no  longer  necessary  to  compute  the  co-ordinates  z  and 
y  directly  for  several  different  times  at  the  first  meridian,  but 
only  for  any  one  assumed  time,  and  then  to  deduce  their  values 
for  any  other  lime  by  means  of  their  uniform  changes.  It  will 
be  most  simple  to  find  them  for  the  time  of  true  conjunction  of 
the  moon  and  star  in  right  ascension,  which  is  readily  obtained 
by  the  aid  of  the  hourly  Ephemeris  of  the  moon.  Let  this  time 
be  denoted  by  Tq.  We  have  at  this  time  a;  =  0,  and  the  value  of 
y  will  be  found  with  sufficient  accuracy  by  the  formula 


in  which  dy  ;r,  are  the  moon's  declination  and  horizontal  parallax 
at  the  time  7^,  and  d'  is  the  star's  declination. 

Let  Att  (in  seconds  of  arc)  and  a<J  here  denote  the  hourly 
changes  of  the  moon's  right  ascension  and  declination  for  the 
time  Tq.     Then  we  have,  nearly, 

ocf=  —  cos  ^  y'=  — 

Let  2\  be  any  assumed  time  (which,  in  a  first  approximation, 
may  be  the  time  7J  itself).  Then  the  values  of  the  co-ordinates 
at  this  time  are 

X  =  a/(r,-  r,)  y  =  yo  +  y'cr,-  r,) 
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and  to  find  the  time  ( T)  of  contact  of  the  star  and  the  moon's 
limb,  we  shall,  according  to  Art  822,  have  the  following  formiilffi: 

in  which  /jt^  is  the  sidereal  time  at  the  first  meridian  corresponding 
to  Ti,  a'  is  the  star's  right  ascension,  and  w  is  the  longitude  • 

A  sin  J5  =  /)  sin  f'  f  =  />  cos  f/sin  * 

A  cos  B  =  p  cos  f/ cos  *  17  =  il  sin  (5  —  J') 

m'  =  64148  sin  1"  e'=/i'AQoaB 

log  m'  =  9.41916  V  =  m'  e  sin  d' 

m  sin  3f  =  a:  —  f  n  sin  JV=  a/ — $' 

m  cosJf  =  y  —  rj  n  cosJV=y'  —  V 

^.^^_m8in(Ar-JV)  iog*  =  9.48500 

A: 

A:  cos  4 mco6(Jf — N) 

^""      n      ""  n 

r=  T^  +  T 

where  1^  is  to  be  taken  so  that  cos  1)/  shall  be  negative  for 
immersion  and  positive  for  emersion. 

For  a  second  approximation,  we  take  7*  as  the  assumed  time 
T^  and  repeat  the  computation  for  immersion  and  emersion 
separately.  The  new  value  of  i>  for  this  second  approximaiion 
will  be  most  readily  found  by  adding  the  sidereal  equivalent  of 
T  (converted  into  arc)  to  its  former  value. 

It  is  more  especially  desirable  to  know  the  true  time  of 
emersion,  and  the  angle  of  position  of  the  point  of  reappearance 
of  the  star.  Since  this  angle  in  solar  eclipses  was  reckoned  on 
the  sun*s  limb,  while  here  it  must  be  reckoned  on  the  moon*8, 
it  will  be  equal  to  180  +  $:  so  that,  taking  the  value  of  -^  from 
the  last  approximation,  we  shall  have 

Angle  of  pt.  of  oonUot  ftrom  the  ^^ -  j. -.^  _l  AT  _l  j. 

north  pt.  of  the  moon's  limb       J  —  *oU    +  iV  +  + 

For  the  angle  from  the  vertex  of  the  moon's  limb,  we  find  j'by 
the  equations 

p  sin  y  =  e  +  f  V  ;>  eos  r  =  fl  +  V^ 
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where  f ,  7,  f ',  7',  r  are  to  be  taken  from  the  last  approximation ; 
and  then 

Angle  of  pt.  6f  oontact  from   | -q^^  _l  VO-  a 

the  vepteflL  of  the  moon's  limb  |  —  A<5U    -f-  iV  -|-  4.       r 

If  the  computation  in  any  case  gives  m  sin  {M—  N)  >  A,  we 

have  the  impossible  value  sin  i^  >  1,  which  shows  that  the  star  is 

not  occulted  at  the  given  place.     If  we  wish  to  know  how  far 

the  star  is  from  the  moon's  limb  at  the  time  of  nearest  approach, 

we  have  (Art.  324) 

A  =  ±  m  &m(M  —  IT) 

the  sign  being  taken  so  that  J  shall  be  positive.  This  is  the 
linear  distance  of  the  moon's  centre  from  the  line  drawn  from 
the  place  of  observation  to  the  star,  and  therefore  the  angular 
distance  as  seen  from  the  earth  is  ttJ.  The  apparent  semidiameter 
of  the  moon  is  irky  and  hence  the  apparent  distance  of  the  star 
from  the  moon's  limb  is  7r(J—  A;).* 

Example. — Find  the  times  of  Immersion  and  emersion  in  the 
oceultation  of  AldebaraUj  April  15, 1850,  at  Cambridge,  Mass. 

The  elements  of  this  oceultation  have  been  found  on  p.  668, 
with  which  an  accurate  computation  may  be  made  by  the 
method  of  Art.  822 ;  but,  according  to  the  preceding  approximate 
method,  we  proceed  as  follows.  The  Greenwich  time  when  the 
moon's  right  ascension  was  equal  to  that  of  the  star  is  found, 
from  the  values  of  a  on  p.  568,  to  be 

T,  =  7*.47  =  7»  28-  12-. 

For  this  time  we  have 

Aa  =  +  2174"  a  =  +  16^  49'  SrM 

Ad  =  +    884  y=  •     16    12    1  .7 

n=       3636  a  — a'=+         2249" 

whence,  by  the  above  formulae, 

y^  =  +  0.6360  af=  +  0.6886  3^=  +  0.1086 

Then  the  computation  for  Cambridge,  ^  =  42^  22'  W\ 
a>  =  4*  44"'  80',  will  be  as  follows.  For  the  first  approximation, 
we  assume  7\  =  7^  and  hence  we  have 

*  More  exactly,  allowing  for  the  au^ent-ation  of  the  moon's  Bemidiameter,  it  ii 
IT  ( J  —  k)  (1  +  ^  Bin  ?r),  where  we  have  (  =  ^  cos  (^  —  &). 
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Sid.  time  Gr.  noon  = 
Eeduction  for  T^  = 

a' 
<a  : 


7»  28-  12». 
1  88      9.0 
1    13.6 


=    9     2 

84.6 

:    4   27 

18.3 

=   4  44 

30 

/«,  —  a  —  a»  =  1 


=  23  50   46.8 
=  357"'  41'.6 


with  which  we  find  the  following  results : 


X 

=      0. 

e 

=  —  0.0298 

m  %\xiM 

=  +  0.0298 

jif 

=        8°  32'.4 

of 

=  +  0.5886 

r 

=  +  0.1940 

n  siniV" 

=  +  0.3946 

N 

=      740  19'.1 

log  sin  4 

=     n9.8395 

nico8(Jlf - 
n 

-N) 

=  — 0M690 

For  immersion. 

T 

=  — 

0».6491 

^. 

= 

7  .4700 

T 

= 

6  .8209 

T 

= 

6»  49-  15* 

01 

= 

4  44    80 

Local  time 

= 

2     4   45 

m  cos  if 
logm 

y' 

ncosN 

logn 

log  cos  4 

A:cos4 


=  +  0.( 
=  +  0.4877 
=  +  0.1983 
=  9.3021 
=  +  0.1086 
=  —  0.0022 
=  +  0.1108 
=  9.6127 
=      9.8590 

=  qp  0».4801 


For  emenfon. 
T  =  +  0».8111 
T,  =      7  .4700 
r  =      7  .7811 
T  =      7»  46-  62' 
m=      4  44  30 
Localtime=      3    2  22 


These  times  are  nearly  correct  enongh ;  but,  for  a  more  accwate 
time  of  emersion,  we  now  assume  T^=  7*.7811,  with  which  we 
find 


«  =  x'(r,  —  r.)  =  +  0.1881 


y'(2',-r^  =  +  0 
y  =  +0 


and  to  find  the  new  value  of  *  we  have  r  =  +  0*.8111  =  18»40', 
the  sidereal  equivalent  of  which  is  18*  48M,  or  in  arc  i°  40'.8. 
This,  added  to  the  above  value  of  tf,  gives  the  corrected  value 
^  =  2**  22' .4.  Repeating  the  computation  with  these  new  values 
of  X,  y,  and  tf,  we  find 
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mcoB(.af-iy)^_Q,^gP33 


n 

4-  0  .4901 

T  = 

-  0  .0181 

2;  = 

7  .7811 

2*  = 

7.7630 

= 

7»  45-47' 

Local  time  = 

3     1   17 

4.= 

:  ZVJ" 

'  22' 

N= 

:     74 

180 

55 

212 

17 

r  — 

3 

33 

208    34 

The  star  reappears  at  212®  17'  \ 
\  from  the  north  point,  or  208°  34'  / 
J  from  the  vertex,  of  the  moon's  ( 
[limb. 

This  time  agrees  within  21*  with  the  actually  observed  time  of 
emersion  (given  on  p.  662).  The  principal  part  of  the  diflterence 
is  due  to  the  error  of  the  Ephemeris  on  this  date. 

846.  To  find  the  limiting  parallels  of  latitude  on  the  earth  for  a 
given  occuUatian. — The  limiting  curves  within  which  the  occulta- 
tion  of  a  given  star  is  visible  may  be  found  by  the  general 
method  given  for  solar  eclipses,  Art.  311,  which,  of  course,  may 
be  much  abridged  in  such  an  application.  But,  on  account  of 
the  great  number  of  stars  which  may  be  occulted,  it  is  not  pos- 
sible to  make  even  this  abridged  computation  for  all  of  them. 
The  extreme  parallels  of  latitude  are,  however,  found  by  very 
simple  formulae,  and  may  be  used  for  each  star. 

For  a  point  on  the  limiting  curve,  the  least  value  of  J  in  Art. 
324  is  in  a  solar  eclipse  =  i,  but  in  an  occultation  it  is  =  k. 
Hence  we  have,  by  (657),  the  condition 

±  m  An{M -^  N)  =  k 

or,  restoring  the  values  of  m  sin  M=  x  —  Sy  m  cos  M=  y  —  Tjy 

(x  —  $)  cos  N  —  (y  —  17)  sin  iV  =  zh  ^ 

The  angle  iVis  here  determined  by  the  equations  (652);  but,  for 

an  approximate  determination  of  the  limits  quite  sufficient  for 

our  present  purpose,  we  may  neglect  the  changes  of  f  and  5,  and 

take 

n  sin  iV  =  n/  n  cos  N  =1/ 

Let  01:0  fl'Jid  2/0 1>6  th®  values  of  x  and  y  for  the  assumed  epoch 
Tq  ;  then  for  any  time  T^  2i  +  r  we  have 

X  =  Xq  +  nsm  N  .T  y  =  y^  +  n  cos  iV' .  r 

Vol.  1.-86 
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which  reduce  the  above  condition  to 

(x^  —  0  COB  JV  —  (y^  —  1^)  sin  N=  d:  * 

By  the  last  equation  of  (500),  we  have,  by  neglecting  the  com- 
pression of  the  earth, 

sin  f  =  19  COB  ^'  +  ^  sin  d' 
in  which 

C  =  i/(l  -  P  -  v") 

and  we  are  now  to  determine  the  maximum  and  minimum  values 
of  f ,  which  fulfil  these  conditions.    Let  us  put 

a  =  —  f  cos  N-}-  7j  BinN 
6  =      ?  Bin  JV  +  ij  cos  i\r 

from  which  follow 

f  =  —  acofljr+ftsiniV 
7j  =:      asin  N  +  b  cos  iV 

Then  we  also  have,  by  our  first  condition, 

a  =  —  a:^  cos  iV  +  y^  sin  i\r  ±  * 

which  is  a  constant  quantity,  since  we  may  here  assume  x'  and  / 
to  be  constant 
Since  we  have  a*+  b*+  (^=  1,  we  can  assume  y  and  i  bo  as  to 

satisfy  the  equations 

co8  7'=a 
sin  Y  cos  t  =  6 
sin  /*  sin  f  =  C 

in  which  sin  y  may  be  restricted  to  positive  values.  The  formula 
for  f  thus  becomes 

Bin  f  =  cos  7"  sin  JV  cos  ^'  +  sii^  r  cos  c  cos  JVcos  d'  +  sin ;'  sin  *  sin  9' 

which  may  be  put  under  a  more  simple  form  by  assuming  fi  an^ 
jl,  so  as  to  satisfy  the  conditions 

sin  /9  =  Bin  JV  cos  d' 
cos  fi  COB  X  =  cos  N  cos  d' 
cos  /9  sin  A  =  sin  d' 

in  which  cos  j9  may  be  restricted  to  positive  values. 
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We  thus  obtain 

sin  s^  =  sin  ^9  cos  y  +  qob  fi  sin  /^  cos  (A  —  c) 

in  which  f  and  e  are  the  only  variables.  Since  cos  ^  sin  y  is 
positive,  this  value  of  sin  f>  is  a  maximum  when  cos  (jl  —  e)  =  1 
or  X  —  e  =  0 ;  and  a  minimum  when  cos  (jl  —  e)  =  —  1,  or 
A  —  e  =  180°.     Hence  we  have,  for  the  limits,  sin  f  =  sin  (/9  ±:  ;*), 


that  is 


for  the  northern  limit,     ^  =z  fi  -\-  y 
for  the  southern  limit,     ^  =^  P  —  y 


One  of  the  points  thus  determined  may,  however,  be  upon 
that  side  of  the  earth  which  is  farthest  from  the  moon,  since  we 
have  not  restricted  the  sign  of  J^,  and  our  general  equations 
express  the  condition  that  the  point  of  observation  lies  in  a  line 
drawn  from  the  star  tangent  to  the  moon's  limb,  which  line 
intersects  the  surface  of  the  earth  in  two  points,  for  one  of  which 
f  is  positive  and  for  the  other  negative.  But,  taking  ^  only  with 
the  positive  sign,  we  must  also  have  sin  e  positive.  For  the 
northern  limit,  therefore,  when  A  =  e,  sin  X  must  be  positive, 
which,  according  to  the  equation  cos  /9  sin  jl  =  sin  5',  can  be  the 
case  only  when  d'  is  positive.  Hence  the  formula  f  =  ^  +  T 
gives  the  most  northern  limit  of  visibility  only  when  the  star  is 
in  north  declination.  For  similar  reasons,  the  formula  f  =  /9  —  ;* 
gives  the  southern  limit  only  when  the  star  is  in  south  declina- 
tion. The  second  limit  of  visibility  in  each  case  must  evidently 
be  one  of  the  points  in  which  the  general  northern  or  southern 
limiting  curve  meets  the  rising  and  setting  limits, — namely,  the 
points  where  C  =  0>  and  consequently,  also,  sin  e  =  0,  cos  e  =  zh  1, 
which  conditions  reduce  the  general  formula  for  sin  <p  to  the 
following : 

sin  <p  =  (sin  JV  cos  ^  ±:  cos  N  sin  y)  cos  d'  =  sin  (N  ±  ;')  cos  d" 

If  cos  N  is  taken  with  the  positive  sign  only,  the  upper  sign  In 
this  equation  will  give  the  most  northern  limit  to  be  used  when 
the  southern  limit  has  been  found  by  the  formula  f  =  ^  —  y;  and 
the  lower  sign  will  give  the  southern  limit  to  be  used  when  the 
northern  limit  has  been  found  by  the  formula  ^  =  ^  +  y- 

Finally,  since  the  epoch  T^  is  arbitrary,  we  may  assume  for  it 
the  time  of  true  conjunction  in  right  ascension  when  Xq=  0^  and 
we  shall  then  have 

a  =  cos  z'  =  yo  sin  iV  ±:  A 
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The  above  discussion  leads  to  the  following  simple  arrangement 
of  the  formulse 

cos  Yi  =  Vo  sin  N  ±  0.2723  (r  <  1S0*») 

sin  iff  =  Bin  iV  cos  a'  ()9  <    90**) 

COS/',  =  y^jSin  N  q=  0.2723 

Bin  ^.=  sin  {N  qp  r^  cos  d'  (N<   90**) 

in  which  the  upper  or  the  lower  signs  are  to  be  used,  according 
as  the  declination  of  the  star  is  north  or  south.  When  the 
declination  is  north,  fy^  will  be  the  northern  limit  and  f^  the 
southern ;  and  the  reverse  when  the  declination  is  south.  The 
angle  iV^is  here  supposed  to  be  less  than  90^,  and  is  found  bj 
the  formula 

tani»^=^ 

always  considering  y'  as  well  as  x*  to  be  positive. 

When  the  cylindrical  shadow  extends  beyond  the  earth,  north 
or  south,  we  shall  obtain  imaginary  values  for  y^  or  y^  The 
following  obvious  precepts  must  then  be  observed  ; 

1st.  When  cos  j^  is  imaginary,  the  occultation  is  visible  beyond 
the  pole  which  is  elevated  above  the  principal  plane  of  reference, 
and,  therefore,  we  must  put  for  the  extreme  limit  fi=  +  90^,  or 
yj=  —  90°,  according  to  the  sign  of  d'. 

2d.  When  cos  x%  is  imaginary,  the  value  of  f>,  will  be  the  lati- 
tude of  that  point  of  the  (great  circle)  intersection  of  the  prin- 
cipal plane  and  the  earth's  surface  which  lies  nearest  the  depressed 
pole;  that  is,  we  must  take  f>j=  iJ'^— 90°,  or  ^,=  3'+90^ 
according  as  5'  is  positive  or  negative. 

It  is  also  to  be  observed  that  the  numerical  value  of  f, 
obtained  by  the  formula  f^=  fi  ±iri  ^^J  exceed  90°,  in  which 
case  the  true  value  is  either  f>i=  180°  —  (/?  ±:  y^^  cm*  yi=  — 180* 
—  (^  ±  f  i),  since  these  values  have  the  same  sine* 

ExAMk»LE. — Find  the  limiting  parallels  of  latitude  for  the 
occultation  of  Aldebararij  April  15, 1860. 
We  have  found,  page  559,  for  this  occultation, 

y^=  +  0.6360  of  =  0.5886  ^  =  0.1086 

Hence,  with  8'=  16°  12*,  we  find 
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JV=      79°  88' 

log  Bin  fi  =  9.9751 

y,8inJV=  + 0.6255 

fi  =  70»  47' 

*  =      0.2728 

r.  =  26     8 

cos  ;-,  =  +  0.8978 

/9H-r,  =  96   66 

COS ;-,  =  4-  0.3532 

?.,==88     5 

r,  =      69»  19' 

ir—r,=     10  14 

^.=    9   49 

It  is  hardly  necessary  to  observe  that  the  occultation  is  not 
visible  at  all  the  places  included  between  the  extreme  latitudes 
thus  found,  since  the  true  limiting  curves  do  not  coincide  with 
the  parallels  of  latitude,  but  cut  the  meridians  at  various  angles, 
as  is  illustrated  by  the  southern  limit  in  our  diagram  of  a  solar 
eclipse,  p.  504.  Unless  a  place  is  considerably  within  the 
assigned  limits,  it  may,  therefore,  be  necessary  in  many  cases  to 
make  a  special  computation,  by  the  method  of  Art.  346,  to  deter- 
mine whether  the  occultation  can  be  observed. 

OCCULTATIONS   OF   PLANETS  BT  THE   MOON. 

347.  If  the  disc  of  a  planet  were  always  a  circle,  and  fully 
illuminated,  its  occultation  by  the  moon  might  be  computed  by 
the  general  method  used  for  solar  eclipses  by  merely  substituting 
the  parallax  and  semidiameter  of  the  planet  for  those  of  the  sun ; 
and  this  is  the  method  which  has  generally  been  prescribed  by 
writers  on  this  subject.  But  with  the  telescopes  now  in  use, 
and  especially  with  the  aid  of  the  electro-chronograph,  it  is 
possible  to  observe  the  instants  of  contact  with  the  planet's  limb 
to  such  a  degree  of  accuracy  that  it  appears  to  be  worth  while 
to  take  into  account  the  true  figure  of  the  visible  illuminated 
portion  of  the  planet.  Moreover,  the  investigation  of  this  true 
figure  possesses  an  intrinsic  interest  which  justifies  entering  upon 
it  here  somewhat  at  length. 

In  order  to  embrace  at  once  all  cases,  I  shall  consider  the 
planet  as  a  spheroidal  body  which  even  when  fully  illumi- 
nated presents  an  elliptical  outline,  and  when  partially  illumi- 
nated presents  an  outline  composed  of  two  ellipses,  of  which 
one  is  the  boundary  of  the  spheroid  and  the  other  is  the  limit  of 
illumination  on  the  side  of  the  planet  towards  the  observer.  I 
begin  with  the  determination  of  the  first  of  these  ellipses. 
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348.  To  find  the  apparent  form  of  the  disc  of  a  spheroidal  planet.*^ 
Let  us  first  express  the  apparent  place  of  any  point  of  the 
surface  of  the  planet,  by  referring  it  to  three  planes  perpen- 
dicular to  each  other,  of  which  the  plane  of  xy  coincides  with  the 
plane  of  the  planet's  equator,  while  the  axis  of  z  coincides  with 
the  axis  of  rotation.    In  this  system,  let 

x,y,z  =  the  co-ordinates  of  the  point  on  tb^  surface  of  the 

planet, 
^,  ij,  C  =  those  of  the  observer. 

Straight  lines  drawn  from  the  observer  to  the  centre  of  the 
planet  and  to  the  point  on  its  surface  determine  their  apparent 
places  on  the  celestial  sphere.  If  these  places  are  referred  to 
the  great  circle  which  corresponds  to  the  planet's  equator,  and 
if  we  put 

X,  X'  =  the  geocentric  longitudes  of  the  apparent  places  of  the 
planet's  centre  and  the  point  on  its  surface,  reckoned 
from  the  axis  of  x,  in  the  great  circle  of  the  planet's 
equator, 

^,/9'=the  latitudes  of  these  places  referred  to  the  great 
circle  of  the  planet's  equator, 

fi^  p*  =  the  distances  of  the  centre  of  the  planet  and  the  point 
on  its  surface  from  the  observer, 

we  shall  have  (Arts.  82  and  33)t 

p  cos  /9  cos  A  =  —  f 


/»  cos  /9  cos  A  =  —  f  'j 

P  cos  /9  sin  >l  =  —  17  > 

/t>  sin  /9  =  —  C  j 

p'  cos  fi'  QOS  X'  :=  X  —  f  "I 

p'  cos^'  sin  i'  =  y  —  ij  > 

^'sin^=z  — C  J 


*  The  method  of  inyestigation  here  adopted,  so  far  as  relates  to  the  apparent  form  of 
the  disc,  is  chiefly  deriyed  ft-om  Bbssbl,  Attronomiaehe  Untertuehungen^  Vol.  I.  Art  TI. 

f  The  group  (606)  may  be  deduced  by  supposing  for  a  moment  that  the  position 
of  the  obserrer  is  referred  to  a  system  of  planes  parallel  to  the  first,  but  having  iu 
origin  at  the  point  on  the  surface  of  the  planet.  The  co-ordinates  in  this  system  tro 
equal  to  those  in  the  first  increased  respectiyely  by  z,  y,  and  2.  The  negatiye  sign 
in  the  second  members  of  both  groups  results  from  the  consideration  that  the  longi- 
tude of  the  obseryer  as  seen  from  the  planet  is  180*' -|-  ^  or  180^+  X\  and  hi» 
latitude,  —  /?,  or  —  /?'.    Compare  Art.  98. 
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Now,  let  0  and  C,  Fig.  47,  be  the  apparent  Kg.  47. 

places  of  the  planet's  centre  and  the  point  on  its 
surface,  projected  upon  the  celestial  sphere ;  Q 
the  pole  of  the  planet's  equator;  P  the  pole  of  the 
earth's  equator ;  and  let 

r  =  the  apparent  distance  of  C  from  O  =  the  arc 

OC, 
j/=  the  position  angle  of  C  reckoned  at  O,  from 

the  declination  circle  OP  towards  the  east, 

=  POC, 
p=  the  position  angle  of  the  pole  of  the  planet 

=  POQ; 

then,  in  the  triangle  QOQ  we  have 

sin  «'  sin  (p'  —  p)  :=co&  fi'  sin  (;i'  —  X) 

sin  s'  cos  (p'  —  p)  =  cos  fi  sin  ^' —  sin  /9  cos  /9'  cos  {X'  —  ;i) 

Multiplying  these  by  /t)',  and  substituting  the  expressions  (605) 
and  (606),  we  obtain 

/  sin  s'  sin  (j/  —  p)  =  —  x  sin  X  -{-  y  cos  X 

p*  sin  fi  cos  (p'  —  jp)  =  —  x  sin  /9  cos  X  —  y  sin  /9  sin  il  -f  ^  oos  /9 

or,  since  s'  is  very  small  and  p'sms'  or  />V  diflfers  insensibly 
from  pBin  s'  or  ps\ 

psf  sin  (/  —  ;?)  =  —  a;  sin  A  +  y  cos  X  )  ^ 

/»«'  cos  {p'  —  p)  =  —  X  sin  ^  cos  >l  —  y  sin  /9  sin  A  -|-  ^  cos  ^9  /    ^      ^ 

These  equations  apply  to  any  point  on  the  surface  of  the  planet 
If  we  apply  them  to  those  points  in  which  the  visual  line  of  the 
observer  is  tangent  to  that  surface,  they  will  determine  the  curve 
which  forms  the  apparent  disc.  The  equation  of  an  ellipsoid  of 
revolution  whose  axes  are  a  and  6,  of  which  b  is  the  axis  of 
revolution,  is 

l=££  +  M  +  g  (608) 

aa   *  aa   ^  bb  ^      ^ 


and  the  equation  of  a  tangent  line  passing  through  the  point 
whose  co-ordinates  are  f ,  rjj  and  (^  is 


aa      aa      bb 


(609) 


The  distances  f ,  37,  and  Z  are  very  great  in  comparison  with  aj, 
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y,  and  z.    If  we  divide  (609)  by  />,  the  quotients  -»  ^  -  will  be 

r     r    r 

of  the  same  order  as  -,  -,  v,  but  the  quotient  -  will  be  inappre- 

ciable  in  relation  to  the  quotients  — >  -^,  — •    Performing  this 

division,  therefore,  and  substituting  the  values  of  f  ,  ijy  and  (^  from 
(605),  we  may  write  for  the  equation  of  the  tangent  line 

^       X  cos  fi  cos  X   ,  y  cos  SBin  X   ,  z  sin  S  .^... 

0  = \-  ^ iT~-  (610) 

aa  ^  aa         ^     bb  ^    ^ 

If  the  curve  A  CB,  Fig.  47,  is  referred  to  rectangular  axes 
passing  through  the  apparent  centre  0  of  the  planet,  one  of 
which  is  in  the  direction  of  the  pole  of  the  planet,  and  if  u  and 
V  denote  the  co-ordinates  of  any  point  of  the  curve,  so  that 

t*  =  «'  sin  (p'  —  p) 
t>  =  «'oos(|/  — ;)) 

the  equations  (607)  and  (610)  will  enable  us  to  determine  x,  j, 
and  z  in  terms  of  u  and  v.    Putting 

bb 

—  =  1  — ec 

aa 

the  three  equations  become 

pu  =  —  a;  sin  >l  +  y  cos  X 
f>u  =  —  (x  cos  A  +  y  sin  X)  sin  /9  -f-  2:  cos  /9 
0  =  (a:  COS  A  -f  y  sin  X)  (1  —  ee)  cos  /5  +  £r  sin  /? 

from  which  we  derive 

—  X  sin  X  +  y  cos  X  =  pu 

,  .    ,  sin  i9 

—  X  cos  X  —  y  sm  >l  =:  j^ 


1  —  ee  cos'^ 

(1  —  ee)  cos  )9 

z  =  pv  \- 

1  —  eecoe^fi 

Substituting  these  values  in  (608)  and  putting 

a  =  -  =  the  greatest  apparent  semidiameter  of  the  planet, 
€  =  |/(1  —  ee  006' A 
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we  find 

which  is  the  equation  of  the  outline  of  the  planet  as  projected 
upon  the  celestial  sphere,  or  upon  a  plane  passed  through  the 
centre  of  the  planet  at  right  angles  to  the  line  of  vision.  It 
represents  an  ellipse  whose  axes  are  2  s  and  25  |/(1  —  ee  cos^/9), 
e  being  the  eccentricity  of  the  planet's  meridians.  The  minor 
axis  (0J5,  Fig.  47)  lies  in  the  direction  of  the  great  circle  drawn 
to  the  pole  of  the  planet's  equator. 

We  next  proceed  to  determine  what  portion  of  this  ellipse  is 
illuminated  and  visible  from  the  earth. 

849.  To  find  the  apparent  curve  of  illumination  of  a  planefs  surface. — 
If  the  sun  be  regarded  as  a  point  (which  will  produce  no  sensible 
error  in  this  problem),  the  curve  of  illumination  of  the  planet,  as 
seen  from  the  sun,  can  be  determined  by  conditions  quite  similar 
to  those  employed  in  the  preceding  problem ;  for  we  have  only 
to  substitute  the  co-ordinates  expressing  the  sun's  position  with 
reference  to  the  planet,  instead  of  those  of  the  observer.  If, 
therefore,  we  put 

A,  B  =  the  heliocentric  longitude  and  latitude  of  the  centre 
of  the  planet  referred  to  the  great  circle  of  the 
planet's  equator, 

the  equation  of  the  tangent  line  from  the  sun  to  the  planet, 
being  of  the  same  form  as  (610),  will  be 

_  X  cos  B  cos  A        y  cos^sinil       ^  sin  5 

If  each  point  which  satisfies  this  condition  be  projected  upon 
the  celestial  sphere  by  a  line  from  the  observer  on  the  earth,  and 
a  and  v  again  denote  the  co-ordinates  of  the  projected  curve,  we 
have  here,  also,  to  satisfy  the  equations 

^u==  — arsin^+ycos;  1 

f>i?  =  —  {XQO%X  +  y  sin  X)  An  p  -{•  z  cos  p  j     ^^^^) 

in  which  X  and  ^  have  the  same  signification  as  in  the  preceding 
article.  The  values  of  x,  y,  and  2,  determined  by  the  three 
equations  (612),  (613),  being  substituted  in  the  equation  of  the 
ellipsoid,  we  obtain  the  relation  between  u  and  i?,  or  the  equation 


570  OGCULTATIONS  OF  PLANETS* 

of  the  required  curve  of  illumination  as  seen  fix)m  the  earth.  In 
order  to  facilitate  the  substitution,  let  us  put 

x^=  —  X  Bin  X  •{-  y  COB  X 
y^=       X  cos X  -{-  y  B\Tk  X 

from  which  follow 

a:  =  —  Xi  sin  >l  -f  yi  cos  X 
y=       XiQObX  -{-  y^ein  X 

At  the  same  time,  let  us  introduce  the  auxiliaries  fi^  and  B^ 
dependent  upon  )9  and  B  by  the  assumed  relations 


-  cos  Pi  =  cos ^  77  cos 5.  =  cosiJ 

1       .  CI       ,  I        ,        -wx  d      •        -^ 

-  sm  A  =  7  sin  yJ  -z=  BinBi=  r  sinB 
go  Go 


(614) 


Then  the  three  equations  become 

0  =      X,  cos  J?,  sin  (il  —  ^)  +  y^  cos  B^  cos  (il  —  A)  +  t  2;  ain  JB, 
pu  =        Xi 
^gpv  =  -^  yi  sin  Pi  +  i^  cos  fi^ 

from  which  we  derive 

Xi=        pu 
Ny^  =  —  pu  cos  /9,  cos  Bi  sin  (i  —  ;i)  —  Z9P^  sin  ^^ 

iVr  i?  =  —  ^u  sin  A  cos  ^jsin  {A  —  >l)  +  rS'/9V  cos  J9iC08(il— il) 

where,  for  brevity,  iVis  put  for  sin  ^^  sin  B^  +  cos ^^  cos  jB^  cos  {A —a). 
Before  substituting  these  expressions  in  the  equation  of  the 
ellipsoid,  it  will  be  well  to  consider  the  geometrical  signification 
of  the  quantities  /9i  and  B^  K  we  draw  straight  lines  from  the 
centre  of  the  planet  to  the  earth  and  to  the  sun,  the  latitudes  of 
the  points  in  which  these  lines  intersect  the  surface  of  the  planet 
will  be  )9  and  B.  If  these  points  be  projected  upon  the  surface 
of  a  sphere  circumscribed  about  the  ellipsoid,  by  perpendiculars 
to  its  equator,  the  latitudes  of  the  projected  points  will  be  ^j  and 
B^\  and  g  and  G^  will  be  the  corresponding  radii  of  the  ellipsoid. 
If  now  these  projected  points  are  referred  to  the  celestial  sphere, 
by  lines  from  the  planet's  centre,  they  will  form  with  the  pole  Q 
of  the  planet's  equator  a  spherical  triangle  QOS^  in  which  the 
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angle  Q  will  he  A  —  i;  and  the  sides  including  this  angle  will 
be  90°  —  i9i  =  QO,  90°  —  J3i=  QS.  Denoting  the  angle  at  0  by 
Wj  and  the  side  OS  by  V,  we  shall  have 


COB  V=  sin  fii  8in^i-|-  cos  fi^oos  Bicos  (A  — X)^ 
sin  F  cos  M?  =  COB  A  Bin  ^i  —  sin  fi^  cos  B^  cos  {A  —  X)  y    (615) 
Bin  F Bin  w  =  cos^^sin  (il  —  X) 


'} 


in  which  V  is  very  nearly  the  angular  distance  between  the  sun 
and  the  earth  as  seen  from  the  planet. 
This  triangle  also  gives 

sin  B^  =  COB  Fsin  ^j  +  sin  Fcos  j^jCOS  w 
COB  B^  cos  (A  —  X)  =  cos  F  cob  fi^  —  sin  F  sin  ^j  cos  w 
COB  B^  Bin  (il  —  'I)  =  sin  F  sin  w 

By  these  equations  the  above  expressions  for  x^,  ^i,  and  z  are 
reduced  to 

COB  F.  a;^  =      pu  cos  F 

cos  F. yj  =  —  pu  sin  Fsin  u>  cob  p^ 

cos  V'tZ  =  —  /m  sin F sin  t(?  sin  /9j 

Substituting  these  in  (608),  observing  that  xx  +  yy  =  XyX^  +  yyy^y 
we  have 

COB'F— =  WUCOB*F 

PP 

-f  I  (ti  Bin  M?  +  I  S'^  c^s  w?)  sin  F  cos  Pi-\-  -rgv  cos  F  sin  ^,  I 

+  I  (ti  sin  M?  +  T  <7r  cos  u?)  sin  F  sin  p^  —  j  gv  cos  F  cos  /?,  I 

Developing  the  squares  in  the  second  member,  and  putting  s  for 

-,  and  also 

P  ^ 

c  =  i/(l  —  ee  C0H*8)  =  — 
^  ^  ag 

we  shall  find 

(sin  M7\*     .     /        .             .          COSM7\*         .„     ,^^^ 
ti  cos  U7  —  V I  +  I  w  sin  t/7  +  r j  sec'F    (616) 
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which  is  the  required  equation  of  the  curve  of  illumination,  as 
seen  fix)m  the  earth,  projected  upon  the  celestial  sphere.  It 
represents  an  ellipse  whose  centre  is  at  the  origin  but  whose 
axes  are,  in  general,  inclined  to  the  axes  of  co-ordinates,  and, 
consequently,  to  the  axes  of  the  ellipse  of  equation  (611).  The 
equation  (611)  is  only  the  particular  case  of  (616)  which  corre- 
sponds to  V=  0,  or  the  case  of  full  illumination. 


Fig.  48. 


350.  We  have  yet  to  determine  what  portions  of  the  apparent 

disc  are  bounded  by  the  two  ciures 
respectively.  If  ABA'B',  Fig.  48, 
is  the  ellipse  of  (611),  which  I  shall 
call  the  first  dJipse,  and  CDC'D'  that 
of  (616),  which  I  shall  distinguish  as 
the  second  ellipse,  the  visible  outline 
of  the  planet  is  composed  of  one- 
half  the  first  and  one-half  the  second 
curve,  and  these  halves  either  begin  or  end  at  the  points  Cand 
C",  which  are  the  common  points  of  tangency  of  the  two  curves. 
These  points  satisfy  both  equations;  and,  therefore,  putting m^  and 
»i  for  the  co-ordinates  of  either  point,  and  subtracting  (611)  fi-om 
(616),  we  find 


0  =1  u, sm  W7  +  Vj j  tan»F 


which  is  satisfied,  in  general,  by  taking 

cosu?      ^ 


Denoting  the  position  angle  corresponding  to  Mj  v^y  by|>i,  we 
have  Wi=  5i  sin(pi  — ^),  ri=  Si  coB{pi—p).     Substituting 
values,  and  also  putting 

cos  w 


(617) 


the  preceding  condition  becomes 

c,  «j  cos  (Pi  —  p  —  tOi)  =  0 
p,  =  p  +  w,^90<^ 


whence 


(618) 


which  expresses  the  position  angles  of  both  Cand  C".    If  we 
draw  the  arc  OJDO',  Fig.  48,  making  the  angle  JBOCy=  «?,  and 
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take  00'  =  V,  the  point  0'  will  be  nearly  the  position  of  the 
planet  as  seen  from  the  sun,  and  the  arc  Vwill  be  the  measure 
of  the  angular  distance  between  the  sun  and  the  earth  as  viewed 
firom  the  planet  If  we  assume  sin  w  to  be  positive  in  equations 
(616),  as  we  are  at  liberty  to  do,  the  arc  Fwill  be  reckoned  from 
the  planet  eastward  from  0°  to  860®.  Now,  so  long  asFis  less 
than  180°,  the  west  limb  will  evidently  be  the  full  limb,  and 
when  Fis  greater  than  180®,  the  east  limb  will  be  the  full  limb. 
Hence  we  infer  that  a  point  whose  given  position  angle  is  p'  is 
on  the  east'limb  when 

i>'  >  JP  +  «?i  —  90®    and    <^p  +  w^  +  90® 
but  on  the  west  limb  when 

P'KP  +  ^i  —  90®    and    ^  p  +  w^  +  90® 

When  V  >  90®  and  <  270®,  the  planet  is  crescent ;  but  when 
F>  270®  and  <  90®,  it  is  gibbous.  In  the  case  of  a  crescent 
planet  there  are  two  points,  one  on  the  full  and  the  other  on  the 
crescent  limb,  corresponding  to  the  same  position  angle :  hence 
in  observations  of  a  crescent  planet  the  point  of  observation  on 
the  limb  will  not  be  s'afficiently  determined  by  the  position 
angle  alone ;  it  will  be  necessary  for  the  observer  to  distinguish 
the  crescent  from  the  fiill  limb  in  his  record. 

351.  In  order  to  apply  the  preceding  theory,  it  is  necessary  to 
find  the  quantities  p,  ^,  X,  J5,  A.  The  direction  of  the  axis  of  x 
in  Art.  348  was  left  indeterminate,  and  may  be  assumed  at 
pleasure,  but  it  is  most  convenient  to  let  it  pass  through  the 
ascending  node  of  the  planet's  equator  on  the  equinoctial,  so  that 
X  and  A  will  be  reckoned  from  this  node.  The  position  of  the 
node  must,  therefore,  be  known,  and  this  we  derive  from  the 
researches  of  physical  astronomers.     If  we  put 

n  =  the  longitude  of  the  ascending  node  of  the  planet's 
equator  on  the  equinoctial, 

i  =  the  inclination  of  the  planet's  equator  to  the  equi- 
noctial, 

we  have  at  any  given  time  <,  for  the  planets  Jupiter  and  Saturn, 
the  only  ones  whose  figures  are  sensibly  spheroidal, 
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For  Jupiter.   |  ^  =  ^"^  ^«'  26"  +  8".69  (t  -  1850) 
"  ^  t  t  =    25^  25'  49"  +  (K'.66  (t  —  1850) 

For  Satnrn  I  **  =  ^^^^^  ^^'  ^"  + 128".76  (<  — 1850)  +  0" .0605 ((-1850)« 
'{  i=     7M0'10"—  15".08(^^1860)  +  0".0035(*— 1850)« 

in  which  t  is  expressed  in  years.* 

The  values  for  Saturn  apply  either  to  its  equator  or  the  rings, 
which  are  sensibly  in  the  same  plane. 

If  now  we  put 

a,  d'=  the  right  ascension  and  declination  of  the  planet, 

we  can  convert  a'  and  d^  into  X  and  )9  by  Art.  23 ;  we  shall 
merely  have  to  substitute  in  (29)  or  (31)  a'—  n  for  a,  d'  fori, 
and  I  for  e.  The  angle  p  is  here  the  position  angle  of  the  pole 
of  the  planet  reckoned  from  the  declination  circle  of  the  planet 
towards  the  east;  but  in  Art.  25  the  angle  tj  is  the  position 
angle  reckoned  towards  the  west,  and,  therefore,  we  shall  have 
to  put  7j  =  360^  —  2)  in  (33).  Hence  we  obtain  the  following 
formulae  for  ^,  >l,  andp: 

/  sin  JF*  =  tan  d'  f  sin  X  =  cos  {F  —  i) 

fcosF=  sin  (a'  —  n)  /'  cos  A  =  cos  i^  cot  (a'  —  n) 

tan  iS  r=  sin  A  tan  (jP  —  i)  {   (619) 

r,,     ^      .  .    ,  ,        .         ^  sin  i^'  cot  (tt'  —  n) 

tan  F'=  tan  t  sm  (a'  —  n)        tan  p  = ^^ ^ 

^  ^  ^  cos(i?"— a') 

To  find  A  and  By  we  avail  ourselves  of  the  heliocentric  longi- 
tude and  latitude  of  the  planets  given  in  the  British  Almanac, 
and  as  these  quantities  are  referred  to  the  ecliptic,  while  A  and 
JB  are  referred  to  the  planet's  equator,  we  must  know  the  rela- 
tive position  of  these  circles.     Putting 

iV'=  the  longitude  of  the  node  of  the  planet's  equator  on 

the  ecliptic, 
J'=  the  inclination  of  the  planet's  equator  to  the  ecliptic^ 
i\r  =  the  arc  of  the   planet's  equator  between  the  equi- 
noctial and  the  ecliptic, 

*  These  yalues  I  hare  deduced  from  the  data  given  in  Damoisbau's  TlibUt  Sd^ 
Uquet  dei  SaUllitei  <U  Jupiter,  Paris,  1886 ;  and  Bbssbl's  Beiiimmung  der  Lage  unJ 
Orosae  dea  Satums-Rmges  und  der  Figur  und  Orotse  da  Sattirru,  AMtrononu  Nock.,  ToL 
XII.  p.  167. 
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we  deduce  from  the  data  of  Bessel  and  Damoisbau,  for  a  given 
year  tj 

{i«r'=:8850  40'46"+49".80(f-.1850> 
/'=     2°   8'61"+  0".43(^— 1850) 
N  =  336<*  33'  18"+  46".55  (t — 1850) 


'  N'=  167**  31'  52"+  46".62  (t — 1850) 
For  Saturn.  ^   /'==  28*»10'27"—  0".35(^— 1850) 

'=  43«3r34"— 86".75(^— 1850)  — 0".0625(<— 1850)« 


and  these  values  for  Saturn  also  apply  to  the  rings. 
Finally,  if  we  put 

A\  B'=the    heliocentric    longitude    and    latitude  of  the 
planet)  referred  to  the  ecliptic, 

the  formulae  (29)  or  (81)  will  serve  to  convert  A'  —  N'  and  JB' 
into  A  —  iVand  B ;  and  they  become 

K  sin  M=  tan  jB'  JT'  sin  (ii— -ZVT)  =  cos  {M  —  7') 

K  cos  Jf  =  sin  (ii'— JT')       JT'  cos  {A—N)  =  cos M  cot  (il'— iV')  ( (§20) 

tan  J?  =  sin  (^A -^  JST)  tan  (if  —  /') 

352.  The  preceding  complete  theory  admits  of  several  abridg- 
ments in  its  application  to  the  diflferent  planets,  varying  according 
to  the  features  peculiar  to  each. 

Jupiter. — The  inclination  of  Jupiter's  equator  to  the  ecliptic  is 
BO  small  that  the  quantity  c  =  i/(l  —  ee  cos*  ^)  never  differs 
sensibly  from  |/(1  —  ee)y  which,  according  to  Struvb's  measures, 
is  0.92723.  I  shall,  therefore,  use  as  a  constant  the  value 
log  c  =  9.9672.  Again,  on  account  of  the  small  inclinations  both 
of  Jupiter's  equator  and  of  his  orbit  to  the  ecliptic,  the  angle  lo 
never  differs  much  from  90°,  and,  since  this  angle  is  required 
only  in  computing  the  gibbosity  of  the  planet  (which  never 
exceeds  0".5),  it  is  plain  that  we  may  take  w  =  90®,  and  that  V 
may  be  found  with  sufficient  accuracy  by  the  formula 

r=A  —  X 
or,  indeed,  by  the  formula 

F=il'  — ^'  (621) 

in  which  A^  and  A'  are,  respectively,  the  heliocentric  and  geo- 
centric longitudes  of  the  planet,  the  former  being  taken  directly 


676  ©CCULTATI0N8  OF  PLANETS. 

from  the  British  Almanac,  and  the  latter  computed  from  the  geo- 
centric right  ascension  and  declination  by  Art  28 :  so  that  for 
this  planet  the  equations  (615),  (619),  (620)  will  be  dispensed 
with,  except  only  the  last  two  equations  of  (619),  which  will  he 
required  in  finding  p. 

Saturn. — The  inclination  of  Saturn's  equator  to  the  ecliptic  is 
over  28®,  and  therefore  the  quantity  c  =  ]/(l  —  ee  cos*^)  will 
have  sensibly  different  values  at  different  times.  The  value  of 
—  ^  is,  however,  given  in  the  table  for  Saturn's  Ring  in  our 
Ephemerides  (where  it  is  usually  denoted  by  Q.  The  value  of  ee 
is  0.1865,  or  log  ee  =  9.2706.  The  gibbosity  of  Saturn  is  alto- 
gether insensible ;  so  that  we  shall  have  occasion  to  use  only  the 
equation  (611),  or  in  any  formula  that  may  be  derived  from  the 
more  general  equation  (616)  we  shall  have  to  put  V=  0.  The 
angle  p  is  also  given  in  the  table  for  the  ring. 

Saturn* s  Ring. — The  ring  may  be  here  regarded  as  an  ellipsoid 
of  revolution  whose  minor  axis  =  0.  Hence  we  have  only  to 
make  ^  =  1  in  our  formulse  to  obtain  the  equation  of  its  elliptical 
outline.  This  gives  c  =  \/{l  —  cos'  ^)  =  sin  ^,  which  value  being 
substituted  in  (611),  we  have  at  once  the  required  equation, 
while  the  position  of  the  ellipse  is  given  at  once  by  the  angle  ;> 
from  the  table  above  referred  to. 

MarSy  Venus,  and  Mercury. — These  planets  may  be  regarded  as 
spherical  in  the  computation  of  their  occultations,  and  we  shall, 
therefore,  have  to  consider  only  their  crescent  and  gibbous 
phases.  To  adapt  our  formulae  to  the  case  of  a  spherical  body, 
we  have  only  to  put  e  =  0,  or  c  =  1.  Since  in  this  case  we  are 
concerned  only  with  the  apparent  figure  of  a  partially  illuminated 
spherical  body,  we  may,  for  the  convenience  of  computation, 
assume  any  point  as  the  pole  of  the  planet ;  and  it  will  be  most 
natural  to  assume  the  point  which  is  the  pole  of  the  great  circle 
whose  plane  passes  through  the  sun,  the  earth,  and  the  planet 
y.    ^^  The  direction  of  this  pole  is  evidently  the 

same  as  that  of  the  line  joining  the  cusps 
of  the  partially  illuminated  disc.  This  makes 
^  =  0,  £  =  0,  in  (615),  and,  consequently, 
V=A  —  ;i.  But,  as  the  adopted  equator  of 
the  planet  is  here  a  variable  plane,  we  can 
no  longer  use  the  form  (620)  for  finding  A. 
A  very  simple  and  direct  process  for  finding 
V  offers  itself.    Let  Jg?,  Sy  0,  Fig.  49,  repre- 
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sjent  the  centres  of  the  earth,  the  sun,  and  the  planet;  8'(y(y'^ 
the  great  circle  of  the  celestial  sphere  whose  plane  passes  through 
the  three  bodies ;  S'  and  O',  the  geocentric  places  of  the  sun  and 
the  planet;  0",  the  heliocentric  place  of  the  planet  Then  (ycy 
is  the  arc  heretofore  denoted  by  F,  and,  in  the  infinite  sphere,  is 
the  measure  of  the  angle  (yO(y'  =  SOE.  Putting  thenF=0'0", 
y^z^'Cy,  and  also 

lt'=  SO  =  the  heliocentric  distance  of  the  planet, 
R  =SJSI=  «  «  «      earth, 

we  have 

We  might  find  F  directly  from  the  three  known  sides  of  the 
triangle  SOU;  but,  as  we  have  yet  to  find  p,  and  y  comes  out  at 
the  same  time  with  ^  in  a  very  simple  manner,  it  will  be  prefer- 
able to  employ  the  above  form. 

To  find  p  and  ;-,  let  S\  O',  0",  Fig.  50,  be  the  three  places 
above  referred  to,  and  P  the  pole  of 
the  equinoctial.  Draw  C/Q  perpen- 
dicular to  the  great  circle  S'CyO", 
This  perpendicular  passes  through  the 
adopted  pole  of  the  planet,  and  we 
have  P(yQ=py  or  PO'S'=  90°  — jt>, 
and  S'(y=^x.  Hence,  denoting  by  d' 
and  D  the  declination  of  the  planet 
and  the  sun,  and  by  a'  and  A  their 
right  ascensions  respectively,  the  spherical  triangle  PS'Cy  gives 


cos  Y  =  sin  d'  sin  D  +  cos  ^'  cos  D  cos  (a'  —  A) 
sin  /*  sin  p  ==  cos  d'  sin  2)  —  sin  ^  cos  D  cos  (a  —  -^)  )-    (622) 
sin  /*  cos  J?  =  cos  D  sin  (a  —  A) 


Hence,  introducing  an  auxiliary  to  facilitate  the  computation, 
both  p  and  F  will  be  found  by  the  following  formulse : 

tan  F  =  tan  D  sec  (a'  —  A) 

tan  p  =  cot  (a'  —  A)  sin  (i^  —  a')  sec  P 

R    sin  (a'  —  A)  cos  D  (    C^^^) 


Bin  F  = 


E'  cosj) 


In  this  method  of  finding  F  we  do  not  determine  whether  it  is 
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greater  or  less  than  90°.  This  is  of  no  importance  in  computiug 
an  actual  observation,  but  only  in  predicting  the  phase  of  the 
planet,  whether  crescent  or  gibbous.  For  the  latter  purpose  we 
must  have  recourse  to  the  triangle  8E0  of  Fig.  49,  the  three 
sides  of  which  are  given  in  the  Ephemeris. 

The  value  of  F  being  found,  the  equation  (616)  will  be  used  to 
determine  the  apparent  outline  after  substituting  c  =  1  and 
w  =  90®,  whereby  it  becomes 

«•=  r'+ u*  sec'F 

The  value  of  s  in  our  equations  is  supposed  to  be  given.  It 
will  be  most  convenient  to  deduce  it  from  the  apparent  semi- 
diameter  of  the  planet  when  at  a  distance  from  the  earth  equal 
to  the  earth's  mean  distance  from  the  sun,  which  is  the  unit 
employed  in  expressing  their  geocentric  distances  in  the  Ephe- 
meris. Thus,  denoting  the  mean  semidiameter  by  8^  and  the 
geocentric  distance  by  r',  we  have  (Art.  128) 


>=% 


(624) 


and  s^  maj  be  taken  from  the  following  table : 


AnUMrttj. 


Mbrgurt 

Vbnus 

8".84 
8  .65 

Mars 

6  .05 

Jupiter 

99  .70 

Saturn 

81  .86 

SaTURH'S  RlHOfl. ......... ........................ 

Outer  semi-m^or  azia  of  outer  ring 

Inner          "            •*             **        " 
Outer          "            «*          inner    «• 
Inner          "            "             "        " 

187  .66 

166  .07 
161  .27 
124  .75 

Lb  Vbrribr,  Theory  of  Meropy^ 
Pbirob,  .^fii.  Spkemem. 

Strutb,  AMtr.  Naeh.,  No.  1S9. 
Bbssbl,  A4tr.  Hack.,  No.  276. 


Stbuvi,  Awtr,  JVacA.,No.  189, 
reduced  to  agree  with  Bis- 
8bl*8  measures  of  the  outer 
diameter  of  the  outer  ring. 


858.  To  find  the  longitude  of  a  place  from  the  observed  cojiiact  of 
the  moon's  limb  with  the  limJb  of  a  planet. — In  the  following  investi- 
gation, it  is  assumed  that  the  quantities  y,  «?,  F,  c,  are  known  for 
the  time  of  the  oceultation.  They  may  be  computed  by  the 
above  methods  for  the  time  of  conjunction  of  the  moon  and 
planet,  and  regarded  as  constant  for  the  same  oceultation  over 
the  earth  in  general. 
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Let  O,  Pig.  51,  be  the  apparent  centre  of  the  planet,  and  G 
the  point  of  contact  of  its  limb  with 
that  of  the  moon.  Let  OM  be  drawn 
from  O  towards  the  moon's  centre,  in- 
tersecting the  moon's  limb  in  D.  Since 
the  apparent  semidiameter  of  any  of 
the  planets  is  never  greater  than  31", 
it  is  evident  that  no  appreciable  error 
can  result  from  our  assuming  that  the 
email  portion  CD  of  the  moon's  limb 
coincides  sensibly  with  the  common 
tangent  to  the  two  bodies  drawn  at  C. 
If,  then,  the  planet  were  a  spherical 
body  with  the  radius  OD^  the  observed 

time  of  contact  would  not  be  changed.  We  may,  therefore, 
reduce  the  occultation  of  a  planet  to  the  general  case  of  eclipse 
of  one  spherical  body  by  another,  by  substituting  the  perpen- 
dicular OD  for  the  radius  of  the  disc  of  the  eclipsed  body.  Let 
5"  denote  this  perpendicular;  let  OA  and  O^be  the  axes  of  u 
and  V  respectively,  to  which  the  curve  of  illumination  is  referred 
by  the  equation  (616);  and  let  i?  be  the  angle  QOD  which  the 
perpendicular  5"  makes  with  the  axis  of  r.  The  equation  of  the 
tangent  line  CD  referred  to  these  axes  is 


tt  sin  t>  +  r  c  b  *  =  5" 

We  have  also  in  the  curve 

dv 

T-  =  —  tttn  ^ 

du 

Differentiating  the  equation  (616),  therefore,  we  have 

tan  1^  sin  t(?  \ 


(625) 


u  cos  M7 1 1  cos  ir  + 

.  /      •          ,   r  cosw7\/  . 
-f  I  tt  sin  w  -\ I  \  ^^'^  ^  — 


tan  t9  cos  w 


\8ec*F  = 


0 


By  means  of  this  equation,  together  with  (616)  and  (625),  we  can 
eliminate  u  and  i?,  and  thus  obtain  the  relation  between  s  and  a'^ 
To  abbreviate,  put 

V  sin  w 


a;  =  w  cos  U7  — 


y  =  u  sin  U7  -f 


c 

V  COSt/7 
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and  also 

(?' sin  *'  =  —  e'  cos  «'  =  cos  *  (626) 

then  the  three  equations  become 

X  cos  (^  —  u?)  —  y  sin  (*'  —  w)  Bec'F=  0 
j:»+y»8ec«F=«* 

X  sin  (*'  ~  M?)  +  y  cos  (^'  —  u?)  =  — , 

From  the  first  and  second  of  these  we  .find 

s  sin  (j^'  —  w) 

^  ■""  |/[1  —  coB«(*'—  w)  sin'F] 

8C0h{^'  —  ir)C08*F 

^  ""  |/[1  —  cos«(t^'  ~  w)  Rin«7] 

which  substituted  in  the  third  give 

«"  =  $cc'i/\\  —  cos»  (*'  —  u?)  sin«  7] 

Hence,  if  we  put 

sin  /  =  cos  (*'  —  w)  sin  V  ^ 

we  have  V  (627) 

s"  =«.(?<?' cos  ;^  ) 

We  have  seen  (Art.  352)  that  in  all  practical  cases  we  may  take 
2^  =  90^  and,  therefore,  instead  of  (626)  and  (627)  we  may 

employ  the  following : 

^,      tan  * 

tan*'  = 

c 

sin  X  =  sin  ^  sin  V 

„       8  sin  ^  cos  ;|f 

sm  *' 

If  the  occultation  of  a  cusp  of  Venus  or  Mercury  is  observed, 
we  have  at  once  s"  =  5  cos  i?  (for  the  axis  of  v  coincides  with 
the  line  joining  the  cusps),  and  we  do  not  require  F. 

The  value  of  s"  is  to  be  substituted  in  (486)  for  the  apparent 
semidiameter  of  the  eclipsed  body.  In  that  formula,  H  denotes 
the  apparent  semidiameter  at  the  distance  unity :  therefore,  we 
must  now  substitute  the  value 

sin  J5r=  r'sin*^ 


LONGITUDE.  581 

or,  by  (624)  and  (628), 

Bmg=^^°^"^^,^^  (629) 

sin  *'  ^      ^ 

Since  /  is  here  very  small,  we  may  put  tan  /  =  sin  /,  and  the 
formula  for  L  (488)  becomes 


i  =  (z  —  C)  ain/di  k 


=  (^_C)?!^±*d=(r-0*-^^ 


Hence,  putting 
we  have 


A'  =  A  +  (^-C)^^^  (680) 

L  =  iz-Z)^^±k  (681) 


When  the  angle  ^  is  known,  therefore,  the  preceding  formulaa 
will  determine  i,  with  which  the  computation  will  be  carried 
out  in  precisely  the  same  form  as  in  the  case  of  a  solar  eclipse, 
Art.  829.  To  find  ^,  let  OP,  Fig.  51,  be  drawn  in  the  direction 
of  the  pole  of  the  equinoctial ;  then  we  have  POQ  =  p,  and, 
denoting  POM  by  ft 

and  Q  has  here  the  same  signification  as  in  the  general  equations 
(567),  as  shown  in  Art.  295 :  so  that  when  N  and  'J/  have  been 
found  by  (568)  and  (569),  we  have  §  =  JV+  'J/,  or 

*  =  JVr+4— ;)  (682) 

But  to  compute  '^  by  (569)  we  must  know  i,  and  this  involves 
JJ,  which  depends  upon  i?.  The  problem  can,  therefore,  be 
solved  only  by  successive  approximations;  but  this  is  a  veiy 
slight  objection  in  the  present  case,  since  the  only  formulae  to  be 
repeated  are  those  for  L  and  -^z,  and  the  second  approximation 
will  mostly  be  final.  It  can  only  be  in  a  case  such  as  the  occul- 
txttion  of  Saturn's  ring,  where  the  outline  of  the  eclipsed  body  is 
very  elliptical,  and  especially  when  the  contact  occurs  near  the 
northern  or  southern  limb  of  the  moon,  that  it  may  be  necessary 
(for  extreme  accuracy)  to  compute  H  ^  second  time  and,  conse- 
quently, ij/  a  third  time. 
The  formula  (629)  is  adapted  to  the  general  caae  of  an  ellip- 
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Boidal  body  partially  illuminated,  the  point  of  contact  being  on 
the  defective  limb.  When  the  point  of  contact  is  on  the  M 
limb,  we  have  only  to  put  V=  0,  and  the  formula  becomes 

sin^=?l!Li^*  (633) 

Bin  d'  ^     ^ 

and  for  the  full  limb  of  a  spherical  planet  (Venus,  Mercury,  and 
Mars)  we  have  H=^  s^. 
In  the  first  approximation  we  may  take  L  =  ±:  k. 

864.  Sometimes  it  may  not  be  known  from  the  record  of  the 
observation  whether  the  point  of  contact  is  on  the  full  or  the 
defective  limb  of  the  planet.  This  might  be  determined  by  the 
method  of  Art.  350 ;  but,  since  that  method  supposes  the  position 
angle  p^  to  be  given,  which  we  do  not  here  employ,  the  following 
more  direct  and  simple  process  may  be  used.  In  that  article  the 
common  point  of  tangency  of  the  two  curves  of  the  full  and 
defective  limbs  was  determined  by  the  condition 

,      cos  w       ^ 
II,  sm  to  +  V, =  0 

in  which  w^  and  v^  denotes  the  co-ordinates  of  the  point  of  tan- 
gency. In  the  notation  of  Art.  858  this  is  simply  yj  =  0 ;  and 
since  we  have 

8  cos  (*,  —  w)  cos"  V 

^' ""  |/[1  —  coB«(^j  —  w)  8in«  F] 
it  follows  that  we  must  have 

COB  (i^j  —  tr)  =  0  OP  ^^  =  w  q:  90® 

Hence,  when,  as  in  our  present  application,  we  take  w  =  90®,  we 

have 

dj  =  0  OP  *j  =  180*» 

Hence  a  point  is  to  be  regarded  as  on  the  east  limb  for  values  of  ^ 
between  0®  and  180°,  and  on  the  west  limb  for  values  of  i>  between  180° 
and  860® ;  and  (Art.  850)  the  east  or  the  west  limb  is  defective  accord- 
ing as  Vis  between  0°  and  180°  or  between  180°  and  860°. 

But,  since  sin  «>'  and  sin  i?  have  the  same  sign,  we  deduce  from 
this  a  still  more  simple  rule ;  for  we  have  sin  ;f  =  sin  ^'  sin  Vj 
whence  it  follows  that  the  observed  point  is  on  the  defective  Kwi 
V)hen  sin  jf  is  positive^  and  on  thefuU  limb  when  sin  ^  is  negative. 
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855.  In  the  cases  of  the  planets  Neptune,  TJranus,  and  the 
asteroids,  the  occultation  of  their  centres  will  be  observed,  and 
it  will  be  most  convenient  to  compute  by  the  method  for  a  fixed 
star,  only  substituting  for  tc  the  difference  of  the  moon's  and 
planet's  horizontal  parallaxes — ^that  is,  the  relative  parallax — in 
the  formulflB  for  z  and  y.  Art.  341. 

This  artifice  of  using  the  relative  parallax  may  also  be  used 
with  advantage  for  Jupiter  and  Saturn. 

Having  thus  found  x  and  y  as  for  a  fixed  star,  we  shall  have, 
in  the  preceding  method, 

Z  =  (z^O^^^±fc  (634) 

the  other  formulse  remaining  unchanged. 

Example  1. — Several  occultations  of  Saturn's  Ring  were  ob- 
served by  Dr.  Kane  at  Van  Rensselaer  Harbor  on  the  northwest 
coast  of  Greenland  during  the  second  Qrinnell  Expedition  in 
search  of  Sir  John  Franklin.*  The  first  of  these  was  as 
follows : 

1853  December  12th,  Van  Rensselaer  Mean  Time 
Immersion,  contact  of  last  point  of  ring,   ...    14*  20*  48'.8 
Emersion,        «  «        "  "        ...     14   54    18.3 

The  assumed  longitude  of  the  place  of  observation  was  oi =4*  43"*  32* 
west  of  Greenwich.     The  latitude  was  y  =  78°  37'  4",  whence 

log  p  sin  f'  =  9.989862  log  p  cos  ^ '  =  9.296642 

L  From  the  Nautical  Almanac  we  take  for  1858  Dec.  12,  19*, 

;)  =  —  2**  8r.8         I  =  24^  0'.4         whence  log  c  =  log  sin  I  =  9.6094 

and  froTa  page  578,  the  outer  ring  only  being  observed, 

«„  =  187".56  log  sin  5,  =  6.9587 


*  **  Astronomical  ObserTfttions  in  the  Arctic  Seas  by  Elisha  Kbnt  Kanv,  M.D., 
U.S.N.  Reduced  and  discussed  by  Chablbs  A.  Sghott,  Assistant  U.S.  Coast 
Surrey."     Published  by  the  Smithsonian  Institution,  May,  1860. 
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n.  We  shall  compute  the  elements  of  the  occultation  for  the 
centre  of  the  planet  for  the  Greenwich  hours  18*,  19*,  and  20*. 
For  these  times  we  take  the  following  quantities  from  the 
Nautical  Almanac,  applying  to  them  the  corrections  determined 
by  Mr.  Sohott  from  the  Greenwich  observations  of  this  date: 

Moon. 


Qr.T. 

a 

i 

* 

18» 

8*  86-  55'.28 

+  18°    2'47".5 

64'  7".68 

19 

88    58.92 

12  18  .9 

7  .22 

20 

40    52.81 

21  85  .7 

6  .76 

Sfttorn. 

o' 

& 

n' 

log^ 

18» 

8»  89-  9'.88 

+ 17"  14'  28".4 

1".06 

0.9126 

19 

9.16 

26  .5 

20 

8.44 

24  .5 

The  corrections  applied  to  the  Nautical  Almanac  values  to 
obtain  the  above  are  Aa  =  —  0*.22,  a3  =  —  6'^0,  Aa'  =  +  CIS, 
a3'  =  —  8".9,  a;:  =  +  0".S,  this  last  correction  being  derived 
from  Mr.  Adams's  Table  in  the  Nautical  Almanac  for  1866. 

We  shall  use  the  relative  parallax,  and  compute  as  for  a  fixed 
star,  taking  it  —  it'  for  ;r,  namely 


«• 

18» 

54'  6".78 

19 

6  .17 

20 

6  .71 

whence  we  find  for  the  moon^s  co-ordinates, 


Gr.  T. 

X 

«• 

y 

^ 

18» 

19 
20 

—  0.59152 

—  0.06690 
+  0.45781 

+  0.52457 
+  0.52466 
+  0.62476 

+  0.89882 
+ 1.06817 
+ 1.24260 

+  0.17486 
+  0.17484 
+  0.17482 

LONOITUBE. 


585 


and,  taking  2  =  r  =  —. —  for  19*,  as  sufficiently  accurate, 

z  =  68.54 
m.  For  the  co-ordinates  of  the  place  of  ohservation : 


Local  mean  time  t 

Local  Bid.  time  fi 
and  hence,  by  the  formulsB  on  p.  550, 


Immertion. 

Emersion. 

14»20-48'.8 

19     4    20.8 

117"   4'  59".7 

14»54«18'.8 

19  87   50.8 

125°  28'  44".7 

c 

r  — C 


+    0.17529 
+    0.90575 
+    0.88 
63.16 


+    0.18686 
+    0.91368 
+    0.35 
63.19 


rV.  Assuming  now  two  epochB  corresponding  nearly  to  the 
times  of  observation,  the  remunder  of  the  computation  in  extenso 
ib  as  follows : 


Assumed  71 


'.{ 


^0 

x^  —  f  =  m  ainM 

y^  —  r^  =m  cos  M 

M 

logm 

of  =n  sin  JV 

y^  =  n  cosiV 

N 

log  n 


Then,  for  a  first  appproximation,  by  the  formula 

m  8in(Jf — N) 


Immersion. 

Emenion. 

19».07  = 

19».63  = 

19M-12' 

19»  37-  48'. 

—  0.03017 

+  0.26365 

4-  1.08037 

+  1.17800 

—  0.20546 

+  0.07680 

+  0.17462 

+  0.26437 

810°  21'  88" 

16°  11'  56" 

9.43079 

9.43980 

+  0.52467 

+  0.52472 

+  0.17434 

+  0.17433 

71°  37'  10" 

71°  37'  20" 

9.74263 

9.74266 

Bin  4  = 


db* 


and  observing  that  the  immersion  is  here  an  interior  contact  and 
the  emersion  an  exterior  contact,  we  have 
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Immeraion. 

£]I16T8iOIL 

n9.98188 

n9.91559 

9.43079 

9.43980 

n0.5e441 

0.56441 

9.92708 

n9.91980 

57"  48'.2 

SOS"  46'.5 

74    14.5 

74   16.6 

131    57.7 

18     0.1 

n0.0462 

9.5118 

9.6094 

9.6094 

nO.4368 

9.9024 

»9.8718 

9.4900 

n0.0273 

0.2047 

7.8466 

7.8467 

7.7451 

7.5414 

0.00556 

0.00848 

—  0.27264 

+  0.27264 

—  0.26708 

+  0.27612 

n9.42664 

9.44110 

log8m(Jf— i^T) 

log  m 

CL=i^:k)        ar.  co.  log  L 

log  sin  4 

♦4 
I^  —  p 

log  tan  i9 

logc 

log  tan  ^' 

log  sin  ^ 

ar.  CO.  log  sin  ^' 

flog  a 
a 

aq:  k  =  L 

\ogL 

Applying  the  difference  between  log  L  and  log  k  to  log  sin  ij/,  we 
find,  for  our  second  approximation, 


Corrected  log  sin  4 

9.93603 

9.91429 

4 

59°  39'.6 

304«>  49'.5 

«                     * 

133    54.1 

19     4.1 

log  tan  » 

n0.0167 

9.5387 

log  tan  ^' 

n0.4073 

9.9293 

log  sin  9 

n9.8577 

9.5141 

ar.  CO.  log  sin  9' 

n0.0310 

0.1887 

7.8465 

7.8467 

Corrected  log  a 

7.7352 

7.5495 

«              a 

0.00548 

0.00864 

"             L 

—  0.26721 

+  0.27618 

"       logi 

n9.42685 

9.44119 

Final  valae  of  log  sin  4 

9.93582 

n9.91420 

log  cos  4 

9.70408 

9.76688 

*  The  angle  ^  is  to  be  taken  bo  that  L  cos  ^  shall  be  negatire  for  iminenioii  uid 
positire  for  emersion,  Art.  829. 

,r%AA'  /         ..V  sin  -fir      sin  1^  « —  C 
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A  =  8600,    log  b  =  log 


AX  COS  4 


log  c  =  log 


km  COS  (M  —  N) 


b 

c 

b  — c  =  T 

Gr.  Time  of  obs.  =  T^  +  t=  T 


If  now  we  wish  to  form  the  equations  of  condition  for  deter- 
mining the  eflfect  of  errors  in  the  data,  we  proceed  precisely  as 
in  the  case  of  a  solar  eclipse,  page  533,  and  find 


ImmeraiOn. 

• 

Emersion. 

n2.94455 

8.01171 

n2.95956 

8.00741 

—  SSO-.l 

+  1027'.8 

-  911 .1 

+  1017.2 

+    31.0 

+      10.1 

19*   4-48'.0 

19*  37-  58'.1 

4  43    54.2 

4  43    89.8 

Immersion. 

Emersion. 

log  V  tan  4 
log  y  sec  4 

0.5341 
0.5983 

nO.4596 
0.5454 

depending  on  the  correction  of  the  parallax  and  of  the  eccen- 
tricity of  the  meridian,  the  equations  of  condition  are 

(Im.)    w^  =  4*  43-  54*.2  —  2.001  y  +  3.421  *  —  8.965  ;:  ^k 
(Em.)    a*,  =^4  43    39.8  — 2.001 ;'  — 2.881  i>  + 3.511  jtaA 

Eliminating  i?  from  these  equations,  we  have 

w^  =  4*  43-  46-.4  —  2.001  y  +  0.092  iz  £ik 

An  error  of  1"  in  the  moon's  semidiameter  (represented  by  n^k) 
would,  therefore,  have  no  sensible  eftect  upon  this  combined 
result ;  and  since  y  must  also  be  very  small,  as  we  have  corrected 
the  places  of  the  moon  and  planet  by  the  Greenwich  observations, 
we  can  adopt,  as  the  definite  result  from  this  observation, 

flij  =  4*  43-  46-.4 

It  will  be  observed  that  in  this  example  Oudemans's  value, 
l(  =  0.27264,  has  been  employed ;  but  our  final  equation  shows 
that  the  result  would  have  been  sensibly  the  same  if  we  had 
taken  the  usual  value  0.27227 ;  for  the  reduction  of  the  result  to 
that  which  the  latter  value  of  k  would  have  given  is  only 
0.092  X  3247  X  (—  0.00037)  =  —  O-.ll. 
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Example  2. — The  occultation  of  Ventis^  April  24,  1860,  was 
observed  at  the  U.  8.  Military  Academy,We8t  Point  (a*=4*55"5r, 
f  =  41°  28'  31".2),  and  at  Albany  {(o  =  4*  54r  59'.4,  ^  =42°  3^ 
49^5),  as  follows: 


Immersion, 

First  contact,  planet's  full  limb 

Disappearance  of  cusp 


West  Point. 
Sid.  time. 


10»  46*  58*.35 
10  47    47.80 


Albany. 
Mean  time. 


8*81-  1'.9 
8  31   54.2 


The  observations  were  made  with  the  large  refractors  of  the 
West  Point  and  Dudley  observatories. 

I.  To  find  p  for  the  cusp  observations,  we  have  for  the  Green- 
wich time  13*.478,  which  is  the  mean  of  the  times  of  the  obser- 
vations at  the  two  places,  and  will  serve  for  both, 


Planet,  a'  =  78^  38'.6 
Sun,       A=S2   45.6 


d'  =  26<>  59M 
D=IZ   12.9 


\rhence,  by  (628), 
aud,  from  p.  578, 


—  7*  27'.8 


5,=  8''.65 


log  Bin  «j=  5.6175 


n.  We  shall  compute  the  moon's  co-ordinates  only  for  the 
Greenwich  times  13*.4  and  18*. 5.  For  these  times  the  American 
^phemeris  furnishes  the  following  data : 


Moon. 


Or.  T. 

a 

i 

IT 

13*4 
13  .6 

79«  12'  16".8 
79    15  58  .5 

+  26"  43'  1".6 
26   43  4  .8 

57'  6".6 
57  6.7 

Venos. 

a' 

«r 

log/ 

13».4 
18  5 

78"  88'  23".8 
78    88  40  .7 

+  25°  59'  2".5 
25    59  4  .3 

9.9193 
9.9193 

Hence,  by  the  formulsB  of  I.  and  EL.,  p.  452,  we  find 


LOMGITUOE. 
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a 

4 

log^r 

13».4 
13.5 

78<»  88'  17".2 
78    38  84  .0 

+  25»  58'  54".5 
25    58  56  .8 

9.9987 
9.9987 

X 

i 

y 

rf 

13.4 
13.5 

+  0.631695 
+  0.585085 

z  = 

+  0.58890 
=  60.19 

+  0.778681 
+  0.774161 

+  0.00480 

ni.  For  the  co-ordinates  of  the  places  of  observation : 


Local  mean  time  i 
log  p  sin  ^ 

log  p  008  ^ 

n 

C 


WMt  Point 

AltMtny. 

FaUUmb. 

Ou«p. 

FaUltanb. 

Gasp. 

8»  88«  48*.  72 

8*  84«  88'.02 

8»  81"»  K90 

8*  81"»  64».20 

18  29    84.72 

18  80    29.02 

18   26    1.80 

18  26    68.60 

1610  48'  20".8 

1610  66'  67".0 

1610  2'  44".8 

1610  16'  60".9 

9.818064 

9.828792 

9.876814 

9.867167 

+  0.746828 

+  0.746178 

+  0.780018 

+  0.780878 

+  0.661616 

4-  0.662909 

+  0.668428 

+  0.664641 

+  0.87 

+  0.87 

+  0.88 

+  0.88 

69.82 

69.82 

69.81 

69.81 

IV.  Assuming  T^=  13*.45,  we  find,  for  this  time, 


yo 

s^  ~  f  =  m  Bin  if 

y0  —  J7  •.=  Ill  008  M 

M 

logm 

N 

logn 


+  0.668890 
+  0.778921 
—  0.187488 
+  0.222806 
8I90  61'  60" 

9.468668 
89*>  29'  6" 

9.727480 


—  0.187788 
+  0.221012 
819«  88'  47" 
9.462426 


—  0.171628 

+  0.210498 

820«  48'  80" 

9.488916 


^  0.171988 

+  0.209280 

820<>  86'  11" 

9.482788 


Then,  for  the  observations  of  the  ftill  limb,  we  have  for  both 
places,  by  (631),  putting  H  =  s^ 


k  =  0.27264 
0.00082  .  . 

log  (a  -  0 

ar.  00.  log  r'g 

oonstant 

log 

1.7768 
0.0820 
6.0642 
6.9180 

log  sin  «o 
log  (1) 

1.7768 
0.0820 
6.6176 

ifc'=  0.27846 
0.00299 .  . 

7.4768 

Z;=  0.27646 

•    ■    •    •    ttWQ   ^-y 
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West  Point. 

Albany. 

M^Jf 

280»  22'  44" 

231"  ly  24" 

+ 

234   6  57 

280   4  65 

T 

+  2-87'.7 

—    52'.7 

T, 

13»27-  O*. 

18»  27-  0*. 

T 

18  29  87.7 

18  26  7.3 

T—t  =  m 

4  65  54.0 

4  55  5.4 

For  the  observations  of  the  cusps  we  can  employ  the  preceding 
values  of  0^  as  a  jBrst  approximation ;  and  hence  we  proceed  as 
follows : 


log  cos  i9 
log(l) 


A' 
Z 

logsin(Jf  —  iV) 

log  m 

ar.  CO.  log  L 

log  sin  4 

4 

Corrected  i? 

log  cos  ^ 

log  (1) 


Corrected  L 

ar.  CO.  log  L 

Corrected  log  sin  4^ 

T 


West  Point. 

Albany. 

381''  3'.4 

827"  r.3 

9.9421 

9.9287 

7.4768 

7.4763 

7.4184 

7.4000 

0.00262 

0.00251 

0.27846 

0.27846 

0.27084 

0.27095 

230°  9'  41" 

231»  6'  5" 

n9.886278 

n9.891124 

9.462425 

9.482788 

0.567287 

0.567111 

n9.914990 

n9.891018 

235»  18'.5 

281"  5'.0 

832  14.9 

328  1.4 

9.9469 

9.9285 

7.4768 

7.4763 

7.4232 

7.4048 

0.00265 

0.00254 

0.27081 

0.27092 

0.567335 

0.567159 

n9.915038 

9.891066 

+   3"  33'.7 

—     0'.4 

18»  30-  83'.7 

18»  26-  59'.6 

4  56  55.7 

4  55  5.4 

Finally,  if  we  wish  to  form  the  equations  of  condition  for 
correcting  these  results  for  errors  in  the  data,  including  an  error 
in  the  planet's  semidiameter,  we  proceed  as  for  an  eclipse  of  the 
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sun,  p.  533.  For  the  full  limb  we  have  only  to  substitute  ^s^  for 
^H;  but  for  the  cusp  we  must  evidently  substitute  ^Sq  cos  i?  for 
AiJ".  It  will  be  more  accurate  to  restore  r'g  in  the  place  of  r\ 
since  g  here  differs  sensibly  from  unity.    We  shall  thus  j&nd 

«»'=  4*55-  54'.0  —  1.967  r  +  2.720  *  —  3.358  7:^k  —  4.061  as^ 
a,'=  4  55  55 .7  —  1.967  r  +  2.844  *  —  3.459  Tt^k  +  3.697  as„ 
w"=  4  55  5 .4  —  1.967  r  +  2.352  i>  —  3.067  tt  a^  —  3.704  a«o 
w"=  4  55     5 .4  —  1.967  y  +  2.438  *  —  3.134  nAk  +  3.349  £,8^ 

where  ei'  and  e>"  denote  the  true  longitudes.     Hence,  also, 

a*'—  w"=  +  48-.6  +  0.368  *  —  0.291  Tt^k  —  0.357  a^^ 
«'  —  «ii"  =  +  50 .3  +  0.406  ^  —  0.325  ;r  a^  +  0.348  ^s^ 

and  the  mean  is 

w'  —  »"  =  +  49V5  +  0.387  1^  —  0.308  nAk  —  0.005  as„ 

The  effect  of  an  error  in  s^  upon  the  difference  of  longitude  of 
the  two  places  is,  therefore,  insensible ;  but,  to  eliminate  i>  and 
TT^ky  observations  of  the  emersion  should  also  be  used.  The 
effect  of  Y  and  t>  upon  co'  and  co"  can  only  be  eliminated  by 
means  of  observations  of  the  moon's  place  at  a  standard  observa- 
tory on  the  day  of  the  observation,  as  we  have  already  shown  in 
other  examples. 

TRANSITS   OP  VENUS   AND   MERCURY. 

866.  The  transits  of  Venus  and  Mercury  may  be  computed  by 
the  method  for  solar  eclipses,  substituting  the  planet  for  the 
moon.     In  the  formulse  (486),  (487),  &c.,  we  must  employ 

for  VeDus,      k  =  0.9975 
for  Mercury,  k  =  0.3897 

which  are  the  values  which  result  from  the  apparent  semi- 
diameters  of  these  planets  adopted  on  p.  578. 

Since  b  is  no  longer  a  small  quantity,  it  will  be  necessary  to 
employ  the  exact  formulse  (479)  instead  of  (481). 

The  longitude  of  a  place  at  which  the  transit  is  observed  may 
be  computed  from  each  of  the  four  contacts  of  the  limb  of  the 
sun  and  planet,  by  the  formulse  ot  Art.  329.  These  observations, 
however,  are  of  little  use  in  determining  an  unknown  longitude, 
on  account  of  the  great  effect  of  small  errors  in  the  assumed 
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parallax  upon  the  computed  time ;  but,  on  the  other  hand,  when 
the  longitude  is  previously  known,  each  observation  famishes 
an  equation  of  condition  of  the  form  (584)  ibr  determining  the 
correction  of  the  parallajc  In  developing  this  equation,  however, 
we  supposed  ^  =  1,  in  the  formula  (486),  and  we  must,  therefore, 
here  restore  the  true  value.    We  may  take 

in  which  tc  and  7t^  are  the  assumed  horizontal  parallaxes  of  the 
planet  and  sun  respectively  at  the  time  of  the  observation. 
Instead  of  the  form  for  I  employed  on  p.  449,  we  shall  now  take 
the  more  correct  form 

If  we  denote  the  sun's  semidiameter  at  the  time  of  the  obser^ 
vation  by  «',  that  of  the  planet  by  «,  we  have  s'  =  — ,  5  =  jri, 
and  hence 

and  instead  of  (581)  we  shall  have 

A(5'd=  s)        s'  ±8    A* 


Ai  =  aZ  = 


9^ 


Omitting  the  term  depending  upon  ^ee^  which  can  never  be 
appreciable  in  the  transits  of  the  planets,  the  equation  (582)  will 

now  become 

V  sec  ^ 
«/  —  «  =  —  v^'-fv  tan  4. ^-j ^  ^(/  dt  8) 

if 

-^-  „  fn  (t  4.  e»  —  Tj)  —  X  tan  4. =-^  sec  4I  Air      (686) 

where  f  and  1?  have  the  signification  (583) ;  o>'  is  the  true  longi- 
tude, and  01  that  which  is  computed  from  the  observation. 
Since,  by  Kbpler's  laws,  the  ratio  of  the  mean  distances  of  any 

two  planets  is  accurately  known  from  their  periods,  the  ratio  - 

is  also  known,  and  will  not  be  changed  by  substituting  the  cor- 
rected values  7t  +  at:  and  tvq  +  attqi  in  other  words  we  shall  have 

—  =—  or  Aw.  =  -5  Alt 

Aw„       ir«  ■      X 
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The  discnsflion  of  all  the  equations  of  condition  of  the  form 
(635)  will,  therefore,  give  not  only  the  correction  ^jz  of  the 
planet's  parallax,  but  also,  by  the  last-mentioned  relation,  that 
of  the  solar  parallax.* 

The  transits  of  Venus  will  afford  a  far  more  accurate  deter- 
mination of  this  parallax  than  those  of  Mercury ;  for,  on  account 
of  its  greater  proximity  to  the  earth,  the  difference  in  the  dura- 
tion of  the  transit  at  different  places  will  be  much  greater,  and 
the  coefficient  of  ^tt  in  the  final  equations  proportionally  great. 

Although  the  general  method  for  eclipses  may  also  be  ex- 
tended to  the  prediction  of  the  transits  of  the  planets  (by  Art. 
322),  yet  it  is  more  convenient  in  practice  to  follow  a  special 
method  in  which  advantage  is  taken  of  the  circumstance  that 
the  parallaxes  of  both  bodies  are  so  small  that  their  squares  and 
higher  powers  may  be  neglected.  Lagrange's  method  for  this 
purpose  is  the  most  simple,  and,  in  the  improved  form  which  I 
shall  give  to  it  in  the  following  article,  most  accurate. 

357.  To  predict  the  times  of  ingress  and  egress  for  a  given  phce.-^ 
We  first  find  the  times  of  ingress  and  egress  for  the  cmire  of  the 
earthy  from  which  the  times  for  any  place  on  the  surface  are 
readily  deduced. 

Let  a,  8,  a',  d'  be  the  right  ascensions  and  declinations  of  the 
planet  and  the  sun  for  an  assumed  time  T^, 
at  the  first  meridian,  near  the  time  of  con- 
junction. Let  m  denote  the  apparent  dis- 
tance of  the  centres  at  this  time.  Let  S' 
and  iS,  Fig.  52,  be  the  geocentric  places 
of  the  centres  of  the  sun  and  planet,  P  the 
pole ;  then,  denoting  the  angles  PS^S  and 
PSS'  by  P'  and  180°  -  P,  the  triangle  PSS' 
gives 

sin  }m  sin  }(P  +  P')  =  sin  J(a  —  O  cos  }(^  +  d') 
Bin  J  m  cos  i  (P  +  P')  =  cos  i  (a  —  o')  sin  }  (^  —  d') 

But,  since  Jm  is  at  the  time  of  a  contact  only  about  8',  we 
may  without  appreciable  error  substitute  it  for  its  sine,  and, 

*  Another  method  of  forming  the  equations,  nppnrentlj  shorter,  but  in  reality, 
where  many  obserrations  are  to  be  reduced,  not  more  convenient  than  the  rigorous 
method,  wiU  be  found  in  Enoke's  Die  Entfemwng  der  Sonne  von  der  Erde^  aus  den 
Ventudurchgangt  von  1761  kngeltiiei;  and  Der  Venutdurchgang  ->on  1769. 
Vol.  I.— 88 
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writing  M  for  J  (P  +  P'),  we  may  regard  the  following  equationB 
as  practically  exact : 

m  sin  ilf  =  (a  —  a')  cos  d^  1 

m  cos M=    d  —  d'  J 

in  which  (J^  =  J  (*  +  «')• 
Now,  let  the  required  time  of  contact  he  T=  Tq  +  r,  and  put 

a  =  the  relative  hourly  motion  of  the  two  bodies  in  right 
ascension, 
=  the  planet's  hourly  motion  —  the  sun's, 
d  =  the  relative  hourly  motion  in  declination, 

then  at  the  time  T  the  differences  of  right  ascension  and  de- 
clination are  a  —  a'  +  ar  and  i  —  ^'  +  rfr.     If  farther  we  put 

«,  ^  =  the  apparent  semidiameters  of  the  planet  and  sun, 
respectively, 

the  apparent  distance  of  the  centres  at  the  time  Tibs'  ±  s,  the 
lower  sign  being  employed  for  inner  contacts ;  and  if  the  value 
of  Mat  this  time  is  §,  we  have 

(«'  lb  8)  sin  Q  =  (a  —  a')  cos  ^0  +  a  cos  9^ .  r 
(«'  =b  «)  cos  C  =  ^  —  ^'  +  dr 


n  sm  N  =  a  cos  d^ 


Putting,  therefore, 

n  cos  Nr=:  d 

we  have 

(s'  ±:  «)  sin  §  =  m  sin  ilf  +  n  sin  N.  r 
(js!  d:  «)  cos  §  =  m  cos  Jf  +  n  cos  JT.  t 

which,  solved  in  the  usual  manner,  give 

m  sin  (M  —  N) 

COS  4» cos  (M —  N) 


\   (637) 


n  n 

C  =  ^+4  T=T,+  T 


where  cos  i^  is  to  be  taken  with  the  negative  sign  for  ingress 
and  with  the  positive  sign  for  egress.  The  angle  §  is  {as  in 
eclipses)  the  position  angle  of  the  point  of  contact 
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The  fonnulffi  (686),  (637),  and  (638)  serve  for  the  complete 
prediction  for  the  centre  of  the  earth. 

To  find  the  time  of  a  contact  for  any  point  of  the  surface  of 
the  earth,  let  m  be  the  geocentric  apparent  distance  of  the 
centres  of  the  two  bodies  at  any  given  time ;  m'  the  apparent 
distance,  at  the  same  time,  as  seen  from  a  point  on  the  earth's 
surface  in  latitude  ^  and  longitude  to ;  tt  and  t:'  the  equatorial 
horizontal  parallaxes  of  the  planet  and  sun  respectively ;  ^  and  f ' 
their  geocentric  zenith  distances ;  p  the  radius  of  the  earth  for 
the  latitude  y.  The  apparent  zenith  distances  are  f  +  /o;r  sin  f 
and  ^'  + />7r' sin  ^':  these  approximations  being  quite  exact 
where  the  parallaxes  are  so  small.  Let  Z,  Fig.  52,  be  the 
geocentric  zenith  of  the  place,  S  and  S'  the  true  places  of  the 
bodies.  The  distance  SS'  =  m  will  become  the  apparent  dis- 
tance m'  if  we  increase  the  sides  ZS  and  ZS^  by  /o;rsin^  and 
pi:'  sin  f ' ;  and,  if  we  regard  these  small  increments  as  differen- 
tials, we  shall  have,  by  the  first  equation  of  (46), 

m'  —  m  =  —  />»  sin  C  cos  5  +  />7r'  sin  C'  cos  S' 

where  S  =  180°  -  ZSS',  and  S'  =  ZS'S. 

Let  /So  ^®  ^^^  middle  point  of  the  arc  SS\  and  denote  the 
angle  ZS^  by  S^y  the  arc  ZS^  by  f^ ;  then  we  have 

—  sin  C  cos  iS  =  sin  }m  cos  C^ —  cos  Jm  sin  Co  cos  S^ 
sin  C'cos  S'  =  sin  }  m  cos  C^  +  cos  i  m  sin  C^  cos  S^ 

which  give 

m'  —  m  =  />  [(r  +  «')  sin  }m  cos  C^—  (^  —  w')  cos  }m  siq  C^cos  iSj 

K  then  g  and  y  are  determined  by  the  conditions 

Sr8inr=('r  +  7r')sin}m  1 

jf  cos  /^  =  (tt  —  tt')  cos  i  Wl  j    ^    ^) 

we  have 

m'—m  =  gp  (sin  y  cos  Co  —  cos  r  sin  Co  cos  S^) 

Produce  the  arc  S^S,  and  take  S^G  =  90°  +  ;-.    Then,  denoting 
the  arc  ZG  by  A,  the  triangle  ZGS^  gives 

cos  X  =  —  sin  /^  cos  Co  +  cos  y  sin  Co  cos  8^ 

and  the  expression  for  m'  becomes 

m'=  m  —  gp  cos  X  (640) 
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This  remarkably  simple  form  was  first  given  by  Lagrange,* 
with  the  difterence  only  that  he  regarded  the  earth  as  a  sphere, 
which  amounts  to  supposing  p  to  be  constant.  Under  this  sup- 
position, it  follows  from  the  equation  that,  at  any  given  time,  ik 
apparent  distance  of  the  bodies  is  the  same  for  aU  places  on  the  surface 
of  the  earth  which  have  the  same  value  of  X ;  that  is,  for  all  places 
whose  zeniths  are  in  a  small  circle  described  from  the  point  G  as  a  pole 
with  the  polar  distance  ZG  =  L 

The  computation  of  m'  will,  therefore,  be  extremely  simple 
after  the  position  of  the  point  G  is  determined.  The  quantity  j 
is  determined  by  (639),  for  which,  however,  we  can  take 


1 


Let  A  and  D  denote  the  right  ascension  and  declination  of  the 
point  G.  Those  of  the  point  Sq  are  veiy  nearly  0^^=  J(^  +  ^') 
and  ^0=  i(^  +  ^0-  so  t^**  ^^^  ^^^®  triangle  PS^G  we  have  the 
angle  SoPG  =  A  —  Oo,  the  side  PSi  =  90^  —  *„,  and  for  the  angle 
PSoG  we  can  take  M=\{PSG  +  PS'G)  as  in  (636).  Hence 
we  have 

cos  D  sin  (A  —  a^)  =       cos  y  sin  M  '\ 

<co8  D  cos  (A  —  %)  =  —  cos  d^  sin  y  —  sin  d^  cos  y  cos  M  V   (642) 
sin  I)  =  —  sin  ^^^sin  y  -|-  cos  S^  cos  y  cos  M  ) 
or^  adapted  for  logarithms, 

/sinjP=sin;'  cos  D  sin  (A — o„)=:       cos/'sin-M"    ^ 

/  cos  jP=  cos  r  COS  M      cos  D  cos  (A  — -  »„)  =  —  / sin  (d„  +  F)>  (642*) 

8ini)=      fcos(d^  +  F)) 

For  any  given  time  T,  therefore,  we  can  find  m  and  M  hy 
(636),  then  ;'  and  g  by  (641),  and  hence  the  values  of  A  and  D  hy 
(642).  Now,  let  /i  be  the  sidereal  time  (at  the  first  meridian) 
corresponding  to  T,  and  put 

then,  in  the  triangle  PGZ,  we  have  the  angle  GPZ^Q  —  «, 
and  hence,  tp'  being  the  geocentric  latitude  of  Z^ 

cos  X  =  sin  <p*  sin  D  +  cos  <p'  cos  D  cos  (6  —  w)  (643) 

with  which  the  value  of  m'  will  be  found  by  (640). 

^  Memoirt  of  the  Berlin  Academy  for  1766.  The  abore  extremely  simple  demonstrt- 
tion  I  rappose  to  be  new. 
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In  order  to  apply  these  formulee  in  predicting  the  time  of  a 
contact  at  a  given  place,  we  observe,  first,  that  this  time  difiers 
bnt  a  few  minutes  from  the  time  of  the  same  contact  for  the 
centre  of  the  earth,  and  during  these  few  minutes  we  may 
assume  the  distance  m  to  vary  uniformly. 

Let  T  be  the  time  of  the  geocentric  contact,  and  T'  the 
required  time  of  the  contact  at  the  place,  both  times  being  reck- 
oned at  the  first  meridian.  At  the  time  T  the  geocentric  dis- 
tance =  5'  dz  5,  and  at  the  time  T'  the  apparent  distance 
m'  =  s'  ±  s  (neglecting  here  the  augmentation  of  the  semi- 
diameters,  which  are  too  minute  to  be  considered  in  merely 
predicting  the  phenomenon) ;  but  at  this  time  T'  the  geocentric 
distance  has  become 

m  =  a'd=«  +  (r'-r)^ 

ox 

where  —  denotes  the  change  of  m  in  the  unit  of  time.    These 
values  substituted  in  (640)  give 

(r-r)^=^^cosA 


Differentiating  (686),  we  find 


whence 


dm    .     ,-.  ,    dM  ,_  .  •     TIT 

-3-  sm  Jtt  +  -S--  m  cos  iif  =  a  cos  ^«  =  n  sm  iv 
dt  ^  dt  • 

dm  --.  dM  '       njr  J  xr 

-TT  cos  M 3--  m  sm  Jtt  =  a  =  n  cos  N 

at  at 


—  =  n  cos  (-M"  —  JV^ 


But,  since  at  the  time  T  we  have  w  =  5'  ±  5,  we  also  have  for 
this  time,  by  (638),  J!f  —  iV=  1//,  and,  therefore, 


which  gives 


dm 

^  =  ncoe  + 


T'=T+^-^^^  (644) 

n  cos  4»  ^      "^ 


in  which  the  values  of  n  and  -^  found  in  the  computation  for 
the  centre  of  the  earth  are  to  be  employed.  The  value  of  X  to 
be  employed  must  be  that  which  results  from  the  preceding 
formulte  at  the  time  T,    Now,  at  this  time  tlie  value  of  the  angle 
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M  is  §,  which  is  found  by  (638),  and  this  value  is  to  be  employed 
in  (642),  while  in  (641)  we  take  m  =  s'  ±:  8. 
The  formula  for  T'  will  be 

T=  T -\-  ^~"      Qjsin  ^'8ini)  +  /jco8^'eosi)co8(e— «)]  (W5) 

in  which  T,  n,  i//,  D,  0,  ;r  —  ;r'  are  all  constants,  found  in  the 
computation  for  the  centre :  so  that  the  computation  for  a  par- 
ticular place  requires  only  this  single  formula  in  which  the 
latitude  and  longitude  of  the  place  are  to  be  substituted. 

868.  The  necessary  formulae  for  the  complete  prediction  are 
recapitulated  as  follows : 

I. — FOR  THE  CENTRE  OF  THE  EARTH. 

Assume  a  convenient  time  7J  near  the  time  of  true  conjunc- 
tion of  the  sun  and  the  planet,  or  this  time  itself,  reckoned  at 
the  first  meridian,  and  find  for  this  time  the  values  of  a,  i  for 
the  planet ;  a',  d'  for  the  sun ;  the  semidiameters  s  and  ^ ; 
and  the  relative  changes  in  right  ascension  and  declination,  a 
and  rf,  in  the  unit  of  time.   Then,  putting  do  =  J  (d  +  *'),  compute 

m  sin  M  =  {a  —  a')  cos  d^  n  biu  N  =  a  cos  ^ 

m  cos M=   d  —  d'  n  cos N=d 

m  sin  (M  —  N) 


sm  4  =  ■ 


±s 


where  «'+  «  is  to  be  employed  for  exterior  contact,  and^'  — s 
for  interior  contact.  Putting  h  =  3600,  to  reduce  the  terms  to 
seconds,  we  then  find 

r=  7.+ A  (^)  COS  4  -  ^  COB  (Jlf- i^ 

in  which  cos  -^  is  to  be  taken  with  the  negative  sign  for  ingress 
and  with  the  positive  sign  for  egress. 

For  the  greatest  precision,  the  computation  may  be  repeated 
separately  for  ingress  and  egress,  taking  for  Tq  the  value  of  T 
first  computed. 

As  in  solar  eclipses,  if  7\  denotes  the  time  of  nearest  approach 
of  the  centres  of  the  bodies,  and  J^  the  distance  at  this  time,  we 
have 

Jj=  m  sin  (Jlf  —  JVT)  T^=:  T,  —  —cos  (Jf  —  N) 
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n. — CONSTANTS. 

For  each  of  the  computed  values  of  7^  take  the  corresponding 
values  of  iVand  i^  from  the  preceding  computation.    Then 

Take  the  horizontal  parallaxes  tt  and  tt'  of  the  planet  and  the 
sun,  and  compute  A  and  D  by  the  formulae 

tanr  =  ^^JtJ!'.tani(«'±«)  /sin  ^=  Bin, 

'  n  —  ;:  ^  ^  /  COS  i^  =  COS /' COS  Q 

COS  D  sin  (A  —  aj  =       cos  /'  sin  Q 
cos-D  cos  (A  —  oj  =  — / sin  {d^  +  F) 
Bin  D  =      f  cos  (^p  +  i?') 

in  which  cLq  is  the  mean  of  the  right  ascensions  of  the  planet  and 
sun,  and  ^o  the  mean  of  their  declinations,  at  the  time  T. 

Find  the  sidereal  time  jj.  at  the  first  meridian  corresponding 
to  Ts    Then  form  the  three  constants 

G=fi  —  A  B  =  '^-^hBmD  G='^-^^hcoBD 

ncos^^  ncoB^r 

in. — FOR   A   GIVEN   PLACE  WHOSE   LATITUDE   IS   ip  AND  WEST 
LONGITUDE  O}. 

Find  the  values  of  p  sin  ^'  and  p  cos  tp'  by  the  geodetic  table. 
The  required  time  of  the  phenomenon  at  the  place  is 

T=  T  +  B.pBin  ^'+  C./Dcossp'cos  {Q  —  w) 

The  local  time  will  be  T' —  w.  The  angle  Q  will  express  the 
angular  distance  of  the  point  of  contact  reckoned  on  the  sun's 
limb  from  its  north  point  towards  the  east,  and  will  be  very 
nearly  the  same  for  all  places  on  the  earth. 

Example. — Compute  the  times  of  ingress  and  egress  for  the 
transit  of  Mercury^  November  11,  1861. 

I.  For  the  centre  of  the  earth. — Let  us  take  as  the  first  meridian 
that  of  Washington,  and  employ  the  elements  given  in  the 
American  Ephemeris. 

The  Washington  mean  time  of  conjunction  in  right  ascension 
is  November  11,  14*  69"»  43'.6,  which  we  shall  adopt  as  the  value 
of  7i.     For  this  time  we  have 
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o  =  a'=       227*>81'    8".6        g  Hourly  motion  in  R.  A.  =  —   8'   9".0 
O      "  **  ••     =  +    2  82 .7 


J  d  =  —  17  82  46  .1 

0d'=—  17  44  44 .6 

do=—  17  38  44.9 

if  —  <r  =  +  0  11  59  .6 


fl  ==  -  5  41  .7   =-84r.7 

in  Deo.  =  +  1  48  .8 

"        =  —  0  40  .6 

rf=-f  2  24.4   =  +  144''.4 


0  Semidiameter  e  =      16'  12".65 
g  IT  =       12".68  9  "  «  =  4.94 

0  11^=         8  .67  For  external  contacts,  «'  +  «  =       16  17  .49  =     977''.49 

Since  for  TJ  we  have  a  =  a',  we  also  have  JHf  =  0°,  w  =  ^  —  i' 
=  719".5.     We  then  find,  by  the  preceding  formulse, 
log  n  =      2,55170 
iV'=_  66°   5M 
M^N=-\-   66     5.1 
log  sin  ^  =      9.82793 
For  Ingress,  \  =      137°  42'.7 
For  Egress,   4=       42   17.3 


Am 


2;=.     14*59-43'.6 

C08(Jlf— JV^=     >-  49    7.8 

Middle  of  Transit,  7;=     14  10  85,8 

A/!l±i\co8  4  =  =F  2     1  48.0 

Ingress,   T=     12     8  47  8 
Egress,     T=     16  12  23.8 
The  least  distance  of  the  centres  =  m  sin  (-If  —  iV)  =  10'  57".7 

n.  Constants, — ^We  find,  for  both  ingress  and  egress,  log  tan  j 
—  8.10094,  and  then  the  following  quantities : 


Q 

log/ 
F 


•0 

A 


log  sin  D 

log  cos  D 

T 

Sid.  T.  Wash. 

mean  noon 

A* 

PL  (in  arc) 

f* 

—  A  =  e 

log  B 

logC 

Ingress. 

Egress. 

71°  87'.6 

—  23°47'.8 

9.49891 

996252 

2"  ir.5 

0»  47'.3 

—   17   40.3 

—   17    88.1 

—  15    22.8 

—   16    50.8 

84    57.7 

—  56    16.0 

227    82.0 

227    30.8 

312    29.7 

171    14.8 

9.48307 

9.94348 

9.97892 

9.68009 

12»    8"47'.8 

16*  12-  23'.8 

15  23    17.8 

15  23    17.8 

1    59.7 

2    39.7 

3  34      5.3 

7  88    21.3 

53»  31'.3 

114°  35'.3 

101     1 .6 

803    20.5 

nl.2217 

1.6821 

nl.7176 

1.4187 
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ni.  For  any  place  on  the  snr&ce  of  the  earth  we  have,  there* 
fore,  in  mean  Washington  time. 

Ingress,  r  =  12*   8~47'.8  — 16'.66pBinf  —  52'.19/)C08  f  cos  (lOP    r.6  — «) 
Egress,    7"  =  16  12   23  .8  + 48  .10  p  sin  ^' +  26.28  p  cos  0' cos  (803   20.6  — «) 

or,  in  a  more  convenient  form,  giving  the  logarithms  of  the 
constant  factors. 

Ingress,  r  =  12*  8«  47'.8  —  [1.2217]  p  sin  0'  -}-  [1.7176]  p  cos  f  cos  («  +  78«  58'.4) 
Egress,   7"  =  16  12   23.8  +  [1.6821]  p sin  0'-|- [1.4187] poos f  cos  (w  + 56   89.5) 

To  determine  whether  the  phenomenon  is  visible  at  the  given 
place,  we  have  only  to  determine  whether  the  sun  is  above  the 
horizon  at  the  computed  time.  All  the  places  at  which  it  will 
be  visible  will  be  readily  found  by  the  aid  of  an  artificial  terres- 
trial globe,  by  taking  that  point  where  the  sun  is  in  the  zenith 
at  the  time  T,  and  describing  a  great  circle  from  this  point  as  a 
pole.  All  places  within  the  hemisphere  containing  this  pole 
evidently  have  the  sun  above  the  horizon.  In  the  present 
example  this  point  at  ingress  is  in  latitude  —  17°  43'  and  longi- 
tude 186°  2'  west  from  Washington ;  and  at  egress  it  is  in  lati- 
tude —  17°  46'  and  longitude  247°  4'.  The  whole  transit  is 
invisible  in  the  United  States,  and  in  Europe  only  the  egress  is 
visible. 

For  the  egress  at  AUom,  (p  =  63°  32'.8,  m  =  350°  3'.5,  we  find 

T  =      16*  13*  13*.0 

w  =—    5  47   57.4 

Altona  mean  time  of  egress  =       22  .  1    10 .4 

The  time  actually  observed  by  Petersen  and  Papb  was 
22*  l*  8'.5.*  The  error  of  the  prediction  is  very  small,  and 
proves  the  excellence  of  Lb  Verrier's  Theory  of  Mercury,  from 
which  the  places  in  the  American  Ephemeris  were  derived. 

OCCULTATION   OF   A   FIXED   STAR  BY  A   PLANET. 

869.  Very  small  stars  disappear  to  the  eye  when  near  the 
bright  limb  of  a  planet,  before  they  are  actually  occulted  by  it ; 
and  the  occultations  of  stars  of  suflicient  brightness  to  be  ob- 
served at  the  limb  of  the  planet  are  so  rare  that  it  has  not  been 
thought  worth  while  to  incur  the  labor  of  predicting  their  oc- 

^Attron,  Naeh,,  Vol.  LVI.  p.  289. 
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currence.  But  in  case  such  an  occultation  has  been  observed  at 
different  points  on  the  earth,  it  may  be  reduced  by  Art  341, 
substituting  the  planet  for  the  moon.  Such  observations  would 
be  especially  valuable  for  determining  the  planet's  parallax  by 
a  discussion  of  the  equations  of  condition  of  the  form  given  on 
p.  652.  If  the  occultation  occurred  near  the  stationary  points 
of  the  planet,  there  would  be  a  long  interval  between  the  im- 
mersion and  the  emersion ;  the  coefficient  of  att  in  the  final 
equations  would  be  proportionally  large,  and  therefore  a  very 
accurate  determination  of  this  quantity  might  be  expected.  If, 
therefore,  means  can  be  found  to  make  the  occultation  of  the 
smaller  stars  by  a  planet  a  distinctly  observable  phenomenon, 
this  mode  of  finding  a  planet's  parallax  (and,  consequently,  also 
the  solar  parallax)  may  become  of  real  practical  value.* 

It  may  be  added  that  some  advantage  might  be  derived  from 
the  occultations  of  small  stars  by  the  dark  limb  of  Venus. 


CHAPTER  XI. 


PRECESSION,   NUTATION,   ABERRATION,  AND  ANNUAL  PARALLAX 
OF  THE   FIXED   STARS. 

360.  I  HAVE  hitherto  treated  of  those  problems  only  in  which 
the  apparent  geocentric  places  of  the  celestial  bodies  are  sup- 
posed to  be  known ;  and  these  have  been  chiefly  problems  which 
may  be  regarded  as  arising  from  the  earth's  diurnal  motion,  or 
in  some  way  modified  by  it.  According  to  the  definition  of  our 
subject  (Art.  1),  Spherical  Astronomy  embraces  also  those  pro- 
blems which  arise  from  the  earth's  annual  motion  "so  far  as  this 
affects  the  apparent  positions  of  the  heavenly  bodies  upon  the 
celestial  sphere."  I  shall  therefore  proceed  now  to  consider 
those  uranographical  corrections,  aff^ecting  the  apparent  geocen- 
tric places  of  the  stars,  which  result  from  the  motion  of  the 
earth  in  its  orbit,  and,  consequently,  also  those  which  result 

*  See  a  paper  by  Prop.  A.  C.  Twining,  Enquiries  concerning  $teUar  oceuUationt  hg 
the  moon  and  planets,  j*c.,  Am.  Journal  of  Science  for  July,  186S. 
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from  the  changes  in  the  position  of  the  plane  of  the  orbit  and 
the  plane  of  the  equator. 

861.  The  variations  of  astrononoiical  elements  are  usually 
divided  into  secular  and  periodic. 

Secular  variations  are  very  slow  changes,  which  proceed  through 
ages  (secula)^  so  that  for  a  number  of  years,  or  even  centuries  in 
some  cases,  they  are  nearly  proportional  to  the  time. 

Periodic  variations  are  relatively  quick  changes,  which  oscillate 
between  their  extreme  values  in  so  short  a  period  that  they  can- 
not be  regarded  as  proportional  to  the  time  except  for  very  small 
intervals.* 

The  true  position  of  a  celestial  body,  or  of  a  celestial  plane,  at  a 
given  time,  is  that  which  it  actually  has  at  that  time ;  its  mean 
position  is  that  which  it  would  have  at  that  time  if  it  were  freed 
from  its  periodic  variations. 

362.  The  plane  of  the  ecliptic,  or  of  the  earth's  orbit,  is  a 
slowly  moving  plane.  Its  position  at  any  epoch,  as  the  begin- 
ning of  the  year  1800,  can  be  adopted  as  a  Jixed  plane,  to  which 
its  position  at  any  other  time  may  be  referred. 

The  plane  of  the  equator  is  also  a  moving  plane.  Its  inclina- 
tion to  the  fixed  plane  and  the  direction  of  the  line  in  which  it 
intersects  that  plane  are  constantly  changing,  thus  causing 
variations  in  the  obliquity  of  the  ecliptic  and  in  the  position  of 
the  equinoctial  points. 

363.  The  latitudes  and  declinations  of  stars  are  therefore 
subject  to  variations  which  do  not  arise  from  the  motions  of  the 
stars,  but  from  the  shifting  of  the  planes  of  reference ;  and  the 
longitudes  and  right  ascensions  are  in  like  manner  subject  to 
variations  from  the  shifting  of  the  vernal  equinox,  which  is 
their  common  point  of  reference,  or  origin,  from  which  both  are 
reckoned. 

Under  the  head  of  precession  are  considered  those  parts  of 
these  variations  which  are  secular;  namely,  those  which  arise 
from  the  motions  of  the  mean  ecliptic  and  the  mean  eqwitor. 

*  Most  of  the  secular  yariations  also  have  periods,  though  of  great  length,  and 
therefore  not  yet  in  all  cases  well  defined:  so  that,  strictly  speaking,  the  distinction 
between  secular  and  periodic  variations  is  only  an  arbitrary  one,  established  for 
practical  conTenience  between  variations  of  lonj  and  short  periods. 
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Under  the  head  of  nutation  are  embraced  those  parts  of  these 
variations  which  are  lyeriodicy  and  result  from  the  difference 
between  the  motions  of  the  true  ecliptic  and  equator  and  those 
of  the  mean  ecliptic  and  equator. 

PRECESSION. 

364.  Luni-solar  precession. — ^It  is  shown  in  physical  astronomy 
that  the  attraction  of  the  sun  and  moon  upon  that  portion  of 
the  matter  of  our  globe  which  is  accumulated  about  the  equator, 
and  by  which  its  figure  is  rendered  spheroidal,  combined  with 
the  rotation  of  the  earth  on  its  axis,  continually  shifts  the  posi- 
tion of  the  plane  of  the  equator  (without,  however,  changing  its 
inclination  to  the  plane  of  the  fixed  ecliptic).  The  line  of  the 
equinoxes,  or  the  intersection  of  the  two  planes,  is  thus  caused 
to  revolve  slowly  in  the  plane  of  the  ecliptic  in  a  direction 
opposite  to  that  in  which  longitudes  are  reckoned ;  the  result 
of  which  is  a  common  annual  increase  in  the  longitudes  of  all 
the  stars,  reckoned  on  the  fixed  ecliptic  by  a  quantity  which  is 
called  the  lunirsolar  precession. 

The  luni-solar  precession  is,  then,  the  efiect  of  a  motion  of 
the  equator  upon  the  ecliptic. 

866.  Planetary  precession. — The  mutual  attraction  between  the 
planets  and  the  earth  tends  continually  to  draw  the  earth  out  of 
the  plane  in  which  it  is  revolving;  that  is,  to  change  the  position 
of  the  plane  of  the  orbit,  but  without  changing  the  position  of 
the  earth's  equator.  The  equator  here  being  regarded  as  fixed, 
and  the  ecliptic  as  moving,  the  efiTect  is  a  revolution  of  the  line 
of  intersection,  or  of  the  equinoxes,  in  the  plane  of  the  equator^  in 
a  direction  which  is  the  same  as  that  in  which  right  ascensions 
are  reckoned.  There  is  thus  caused  a  common  annual  decrease 
in  the  right  ascensions  of  all  the  stars,  which  is  called  the 
planetary  precession. 

The  planetary  precession  is,  then,  the  eflfect  of  a  motion  of  the 
ecliptic  upon  the  equator. 

366.  The  luni-solar  precession  does  not  affect  the  latitudes  of 
stars ;  but  since  it  changes  their  longitudes  it  must  also  change 
both  their  right  ascensions  and  declinations  (Art.  26).  The 
planetary  precession  does  not  affect  the  declination  of  stars,  but 
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changes   their    right   ascensions,   their    longitudes,   and    their 
latitudes  (Art.  23). 

867.  Obliquity  of  the  ecliptic. — Since  by  the  mutual  action  of  the 
planets  the  position  of  the  plane  of  the  (mean)  ecliptic  is  changed 
while  that  of  the  equator  remains  fixed,  the  mutual  inclination 
of  these  planes,  or  the  obliquity  of  the  ecliptic,  is  changed. 

The  action  of  the  sun  and  moon  in  causing  luni-solar  preces- 
sion does  not  directly  produce  any  change  in  the  obliquity  of 
the  ecliptic ;  but,  in  consequence  of  the  change  produced  by  the 
planets,  the  attraction  of  the  sun  and  moon  is  modified :  so  that 
there  results  an  additional  very  minute  change  of  the  inclination 
of  the  mean  equator  to  the  fixed  plane  of  reference. 

These  changes  produce  small  changes  in  the  co-ordinates  of 
the  stars,  which,  being  secular  in  their  character,  are  combined 
with  the  preceding  in  deducing  the  general  precession. 

868.  To  find  the  general  precession  in  longitude^  and  the  position  of 
the  mean  ecliptic^  at  a  given  time. — Let  NLy  Fig.  53,  be  the  fixed 
ecliptic,  or  the  mean  ecliptic  at  the  j..  ^^ 
beginning  of  the  year  1800;  AQ^ 
the  mean  equator,  and  V  the  mean 
vernal  equinox,  or,  as  it  is  briefly 
called,  the  mean  equinox,  of  1800. 
In  the  figure,  let  the  longitudes  be 
reckoned  from  F  towards  N.  Let 
FVi  be  the  luni-solar  precession  in  longitude  in  the  time  <,  and 
A^Q  the  mean  equator  at  the  time  1800  +  t.  By  the  action  of 
the  planets,  the  ecliptic  in  the  same  time  is  moved  into  the  posi- 
tion NL^ :  so  that  V^  V^  is  the  planetary  precession  in  the  time  ^, 
and  V^  ^^  ^^®  mean  equinox  at  the  time  1800  +  t. 

The  point  N  may  be  called  the  ascending  node  of  the  mean 
ecliptic  on  the  fixed  ecliptic. 

The  diflference  between  NV  and  NV^  is  called  the  general 
precession  in  longitude^  being  that  part  of  the  change  of  the  longi- 
tudes of  the  stars  which  is  common  to  all  of  them. 

Now,  let  us  put 

e^  =  the  mean  obliquity  of  the  ecliptic  for  1800, 

=  NVQ, 
tj  =  the  obliquity  of  the  fixed  ecliptic  at  the  time  1800  -f  t^ 
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e  =  tbe  mean  obliquity  of  the  ecliptic  at  the  time  1800  + 1, 
^  =  the  planetary  precession  in  the  interval  t, 
4  =r=  the  luni-solar  precession  in  the  interval  t, 

=  rr„ 

4j  =  the  general  precession  in  the  interval  t, 

n  =  the  longitude  of  the  ascending  node  of  the  mean  ecliptic 
at  the  time  1800  -f  t.  reckoned  on  the  fixed  ecliptic  from 
the  mean  equinox  of  1800, 

ir  =  the  inclination  of  the  mean  ecliptic  to  the  fixed  ecliptic 
at  the  time  1800  +  t, 

The  first  five  of  these  quantities  will  be  here  assumed  as  known 
from  the  investigations  of  physical  astronomers.  The  following 
are  their  values,  according  to  Struve  and  Peters,*  for  the  epoch 
1800: 

e^=23«27'54".22 

e,  =  e,+  0".00000735«« 

f  =  e„—  0".4738^  —  0".0000014^«  )  (646) 

*  =  0'M5119f  —  0".00024186<* 

4  =  60".3798t  —  0".0001084e« 

from  which  we  can  find  -^j,  11,  and  jr,  as  follows.  In  the  triangle 
JVVj  F,  we  have 

TT  =  FjiVTF.  *=F,F, 

180^  -  e  =  Nl\r,  n  +  4  =  ^K 

e,=  JVrF,F.  n  +  ^,=  Nr, 

and  hence,  by  the  Gaussian  equations  [Sph.  Trig.  (44)] 

*  Dr.  C.  a.  p.  Pbtbrb,  Numenu  Corutant  NutationU^  pp.  66  et  71.  The  o\mmr 
tions  at  Dorpat  giye  0".4645  for  the  annual  diminution  of  the  obliquity,  and  this  is 
adopted  in  the  American  Ephemeris  instead  of  0".4788,  which  results  from  theory 
and  is  subject  to  an  error  in  the  estimated  mass  of  Venus.  The  difference,  howeTer, 
is  so  small  that  either  number  will  serre  to  represent  the  actually  observed  obliquity 
for  half  a  century  within  O^'.S. 

I  haye  here  adopted  the  precession  constant  (6(y'.8798)  given  by  Pxt£R8»  rsther 
for  the  convenience  of  the  reader  (this  being  employed  in  the  English  and  American 
Almanacs)  than  on  account  of  its  superior  accuracy.  Recent  researches  rtther 
confirm  Be8S1l*s  constant  (50".86854).  See  Maolxb's  DU  Eigmbewegwgm  ^ 
Fvtttemt,  Dorpat,  1866,  p.  11. 
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COS  Jjr  sin  }(.l»  —  4j)  =  sin  }i>  cos  }(t  +  «,)  \ 

COS  Jff  cosK'4'  —  ^i)  =  COS  J*  COS  J(e  —  e^  ( 

Bin};rsin(n  +  J4'  + *4i)  =  8mJ*8in}(e  +  fj)  |    C^"^) 

sin  }3r  COS  (n  +  J  4  +  J  +1)  =  cos  J*  sin  J  (t  —  ej  ) 

The  angles  J 1?  and  }  (e  —  «i)  are  so  small  that  their  cosines  may 
always  be  put  equal  to  unity,  and,  consequently,  also  those  of 
J  n  and  }  ("^  ~  '^i)  5  while  for  their  sines  we  may  substitute  the 
arcs.     We  thus  obtain  at  once,  from  the  first  two  equations, 

4  — 4'i=t>cosJ(«  +  0 
where  we  can  take,  with  sufficient  accuracy, 

cos  J  (c  +  Cj)  =  cos  (e^—  0".2369t) 

=  cos  e^  +  0".2369f  sin  1"  sin  e^ 

and  hence,  by  substituting  the  values  of  1?  and  t^  from  (646), 

4  —  4,  =    (yMSST  t  —  0".0002218«« 

^^  =  50".2411 1  +  0".  0001134 1»  (648) 

The  sum  of  the  squares  of  the  last  two  equations  of  (647)  gives 

7r«  =  ^«  sin«  J  (e  +  e^)  +  (c  —  e,)« 

in  which  we  may  take 

sin« }  (c  +  Cj)  =  sin'  e^  —  0".2369^  sin  1''  sin  2e^ 

and  then,  substituting  the  values  of  ??,  e^,  and  «  —  ei,  we  obtain 

ir«=  0".228111««—  0".0000033234<» 

and,  by  extracting  the  root, 

IT  =  0".4776 1  —  0".0000035 1^  (649) 

The  quotient  of  the  third  equation  of  (647)  divided  by  the 
fourth  gives 

tan  (n  +  U  -f  J^i)  = sin  K«  +  O 

in  which  we  have 

*  0.15119<  — 0.00024186r 


e  —  f ,       —  0.4738 1 — 0.00000876 1* 
=  —  0.3191  +  0.00051636f 
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and 

sin  i(s  +  c,)  =  sin  t^  —  0".2369^  sin  1"  cob  «„ 
whence 

tan  (n  +  H  +  J4i)  =  —  0.127062  +  0.00020595* 
If,  then,  we  put 
or 


and  also 
we  have 


tan  np=  — 0.127062 
n^=       172<>45'31' 


tan  Hj  —  tan  Ho  =  (n^  —  iio)  sin  1"  sec'  n,  =  0.00020595 1 

0.00020595  t  cos*  n^       ^ . „  onr  . 

n,  —  Ho  = .^T/T '  =  4r'.805< 

*  Bin  r 

whence 

nj  =  n  +  H  +  J4'i=  172o  45'  31"  +  41".805* 

and,  subtracting  from  this  the  quantity 

J4  +  Hi=50".310f 
we  have,  finally, 

n  =  172045' 31"— 8".505* 

The  equation  (648)  determines  the  general  precession,  and 
and  (650)  the  position  of  the  mean  ecliptic. 

369.  To  find  the  precession  in  longitude  and  latitude  of  a  given  star, 
from  the  epoch  1800.— Let  LNB  (Fig.  54)  be  the  fixed  ecliptic 
of  1800;  L^NB^  the  mean  ecliptic  at  the  given  time  1800  +  ';  ^ 
and  Py  the  poles  of  these  circles  respectively.  The  node  N\^ 
the  pole  of  the  great  circle  PPyL^  joining  P  and  Pi.  Let  S  be 
the  star,  and  put 

i  =  the  star's  given  mean  longi- 
tude for  1800,  reckoned  from 
the  mean  equinox  of  that 
year, 
B  =  the  star's  given  mean  lati- 
tude for  1800, 
X,  fi  =  the  mean  longitude  and  lati- 
tude for  1800  + 1 

We  have  in  the  figure  (as  in  Fig.  53) 

NB=L^n  SB  =  B 

J^B,  =  X  —  n  — 4,  SBy  =  fi 
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and  in  the  triangle  PSPi  we  have 

PS  =90<>  — -B 

P^S=90«  — /9 
SPP^  =  ^i  =  90«  +  i  —  n 
SP,P  =  180«—  ijJ?j=  180^  —  (90«  4-  i  —  n  —  4^) 
=  90«-(A-n~4x) 

80  that,  by  the  fundamental  equations  of  Sph.  Trig., 


cos  /9  COB  (A  —  n  —  4i)  =     cos  -B cos  (L — n) 

cos /9  sin  (A  — -  n  —  4',)  =      cos  J9 sin  (i>— n)cosir  +  sin  ^  sin  t  ^  (661) 
sin  /9  ==  —  cos^sin  (Zr — n)sin  «  +  sin . 


sin  ^  sin  T  >  I 
sin  jBcostt) 


Instead  of  these  rigorous  formulae,  we  may  deduce  approximate 
ones,  which  will  be  sufficient  in  all  practical  cases,  as  follows. 
Neglecting  the  square  of  rt  (that  is,  putting  cos  ;r  =  1),  let  the 
first  equation  be  multiplied  by  sin  (L  —  TI),  the  second  by  cos 
(i  —  11) ;  the  difference  of  the  products  is 

cos  fiBin  (X  —  i  —  4,)  =  sin  it  sin  B  cos  (L  —  n) 

The  sum  of  the  products  obtained  by  multiplying  the  same 
equations  by  cos  (i  —  11)  and  sin  {L  —  TI),  respectively,  is 

cos  fi  cos  (A  —  L  —  •4',)  =  cos  B  +  sin  n  sin  B  sin  (L  —  n) 

and  the  quotient  of  these  last  equations  is 

,,        y  ^  sin  TT  tan-B  co8(i  —  n) 

tan  (;i  —  i  —  4,)  = --^^ ^ — 

^  *^       1  +  sinff  tan^sin  (i;  — n) 

which  developed  in  series  (PI.  Trig.,  Art.  257)  gives 

X  —  i  —  4j  =  r  tan  -B  cos  (i  —  n)  —  J  7r»  tan»  B  sin  2  (i  —  n)  —  &c. 

where,  however,  since  we  here  neglect  the  square  of  ;r,  the  first 
term  of  the  series  suffices:  so  that  we  have 

il  —  i  ==  4,  +  TT  tan-B  cos  (i  —  n)  (652) 

Here  'J'l  appears  as  the  precession  in  longitude  common  to  all 
the  stars,  and  the  term  k  tan  £  cos  (i  —  H)  as  that  which  varies 
with  the  star. 

The  last  equation  of  (651)  gives 

sin  /9  —  sin  5  =  —  sin  w  cos  B  sin  (L  —  n) 
Vol.  L— 39 
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whence,  neglecting  if  as  before, 

i5  —  -B  =  —  «  sin  (i  —  n) 

The  values  of  ^'u  ^j  and  n  being  found  for  the  time  1800  +  ^ 
by  means  of  (648),  (649),  and  (650),  the  formul»  (662)  and  (653) 
determine  the  required  precession  in  the  longitude  and  latitude, 
and,  consequently,  also  the  mean  place  of  the  star  for  the  given 
date. 

870.  To  find  the  precession  in  longitude  and  latitude  between  any  two 
given  dates. — Suppose  X  and  ^  are  given  for  1800  +  t,  and  A'  and^ 
are  required  for  1800  +  t'.  Denoting  by  L  and  B  the  longitude 
and  latitude  for  1800,  we  shall  have,  by  (662), 

il  —  J&  =  4j  +  IT  tan  -B  coa(L  —  n  ) 
i'  —  i  =  ^i'  +  ff'tan  B  co8(£  —  n') 

where  i///,  ff',  11'  are  the  quantities  given  by  (648),  (649),  and 
(650)  when  i'  is  substituted  for  L  If  we  subtract  the  fost  of 
these  equations  from  the  second,  and  at  the  same  time  introduce 
the  auxiliaries  a  and  Ay  determined  by  the  conditions 

aBin  A  =  (/  +  ff)  sin  }  (n'  —  n) 
a  cos  A  =  («'  —  It)  cos  }  (n'  —  n) 
we  find 

X'—X  =  4/—  +J+  a  cos/i  —  ^'^^  —  uljtani 
and  in  the  same  manner,  from  (663), 

For  the  values  of  A  and  a  we  have 

tan  A  =  ^-i-^  tan  J(n'  —  n)  =  J±4 tan  Kn'—  n) 
or,  by  (650), 

so  that  cos  A  may  be  put  equal  to  unity,  and  therefore  we  have 

a  =:«' —  n 
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We  may  also  put  tan^  instead  of  tan^  in  the  above  formulae, 
since  the  error  in  A'  —  X  thus  produced  will  be  only  a  term  in  ;r* ; 
and  for  L  we  may  take  A  —  i^^ :  so  that  if  we  put 


and  then  substitute  the  numerical  values  of  our  constants,  we 
shall  have  the  following  formulae  for  computing  the  precession 
from  1800  +  t  to  1800  +  i' : 

M  =     172«  45'  31"  +  t .  60".241  —  (f  +  t)  8".505 

l'~X=     (f  — 0  [50".2411  +  (f  +  O0".00011341 

>  (654) 
^_(f--^)[0".4776  — (f+00".0000035]co8(A— Jlf)tan/9 ' 

fi'—fi=— (f—  t)  [0".4776  —  (f+ 1)  0".0000085]  sin  (X^M) 

These  are  the  same  as  Bessel's  formulae  in  the  Tabulce  Regiomon- 
iancBy  except  that  we  have  here  employed,  the  constants  given  by 
Peters,  and  the  epoch  to  which  t  and  t^  are  referred  is  1800. 

To  find  tfie  anmwl  precession  in  longitude  for  a  given  date. — If  we 
divide  the  equations  (654)  by  t'  —  /,  the  quotients 

X'-X  r-P 

f  —  t'  f  —  t 

will  express  the  mean  annual  precession  between  the  two  dates ; 
and  if  we  then  suppose  <'  and  t  to  differ  by  an  infinitesimal 
quantity,  or  put  <'  =  t,  these  quotients  will  become  the  differen- 
tial coefficients  which  express  the  annual  precession  for  the  in- 
stant 1800  +  t;  namely, 

~  =      50".2411  +  0".0002268f 


dfi 


+  [0".4776  —  0.0000070  f]  cos  (A  —  Jlf)  tan  /9 


^  =  —  L0".4776  —  0.0000070 1]  sin  (A  —  Jf)  (   (655) 

in  which 

M=       172«  45'  31"  +  33".23^ 

Example. — ^Por  the  star  Spica^  we  have,  for  the  beginning  of 
the  year  1800, 

the  mean  longitude,  L  =       201^  3'    5" .97 
the  mean  latitude,     J9  =  —      2^  2'  22".64 
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Find  its  mean  longitude  and  latitude  for  the  beginning  of  the 
year  1860. 

First.  By  the  direct  formula  (652)  and  (658).— We  find,  by 
(648),  (649),  and  (650),  for  t  =  60, 

4,  =  50'  14".874 
n  ==  28".6434 
n  =  172**  87'  1" 
when^oe 

i  —  n  =  28<»  26'  5" 

IT  tan  5  COB  (i  —  n)  =  —   0".897 

It  Bin  (£  —  n)  ==  +  18".639 

and  hence,  by  (652)  and  (653),  the  precession  is 

;i  —  i  =       50'  14".874  —  0".897  =  50'  13".977 
/9— 5  =  — 13".639 

and  the  mean  longitude  and  latitude  for  1860.0  are 

;i  =       201*>  53'  20".95 
P=—     2^    2'86".28 

Second.  By  the  .use  of  the  annual  precession. — The  mean 
annual  precession  for  the  sixty  years  from  1800  to  1860  is  the 
annual  precession  for  1830.  Hence,  by  taking  ^  =  30  in  (655), 
and  denoting  by  ^  and  ^^  the  longitude  and  latitude  for  1830, 

^  =       50".2479  +  0"4774  cos  (^X^  —  M)  tan  ?, 

^=  —  0''.4774  sin  (A, -  M) 

M=       173<*  2'  8". 

To  compute  these,  we  can  employ  approximate  values  of  ^  and 
^^,  found  by  adding  the  general  precession  for  thirty  years  to  £, 
and  neglecting  the  terms  in  tt  ;  namely, 

;,  =  201*^  28'.2  ^„  =  —  2<>  2'.6 

and  hence  ;i„  —  if  =  28^  26M, 

^  =  50".2329  ?  =  —  0".2274 

at  at 

These  multiplied  by  60  give  the  whole  precession  from  1800  tn 
1860, 

;  —  i  =^  60'  18".97  /9  —  J  =  -  13".64 

agreeing  with  the  values  found  above. 
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Fig.  66. 


371.  Given  the  mean  right  ascension  and  declination  of  a  star  for 
any  date  1800  +  <,  to  find  the  mean  right  ascension  and  declination  for 
any  other  date  1800  +  f.—Let  V^V^' 
(Fig.  55)  be  the  fixed  ecliptic  of 
1800,  V^Q  the   mean   equator  of 

1800  +  t,   7/C  the  mean  equator  ^^ 

of  1800  +  <',  Q  the  intersection  of 
these  circles  (or  the  ascending  node 
of  the  second  upon  the  first).  The 
position  of  the  point  Q  is  found  as 
follows.  The  arc  ViF/  is  the  luni-solar  precession  for  the  in- 
terval t'  —  t:  so  that,  distinguishing  by  accents  the  quantities 
obtained  by  (646)  when  t'  is  put  for  <,  we  have,  in  the  triangle 

F,F/=4'-4,  CF,F/=180-~c„  CF/F,=  c/, 

and  putting 

Qr,=  90*^  —  2,  §F/=  90^  +  z',  r.QV,'  =  e, 

we  find,  by  Gauss's  equations  of  Sph.  Trig., 

cos  }  0  sin  }  (/  4-  z)  =  sin  }  (4'  —  4)  cos  }  (e/  +  c,) 
cos  }0  cos  i(/  -^  2)  =z  cos  J  (V  —  4)  cos  }  (c/  —  «i) 
sin  }0  sin  J (/  —  z)  =  cos  } (V  —  4)  sin  J (e/  —  c,) 
sin  }0  cos  h(/-^z)=z  sin  J (4'  —  4)  sin  J  (e/  +  cj 

which  determine  0,  2,  and  2'  in  a  rigorous  manner.  But,  since 
\  (e/  —  €1)  is  exceedingly  small,  we  can  always  put  unity  for  its 
cosine,  and  the  arc  for  the  sine,  and,  consequently,  the  same 
may  be  done  in  the  case  of  the  arc  J  {z'  —  z)\  we  thus  obtain 
the  following  simple  but  accurate  formulse : 

\AJi\(jif -\- z)  =  tan  }(V  — 4)  cos}(«/+  O 

K<-0 


(656) 


tanj(4'  — 4)BinJ(c/  +  c,) 
sin  J0  =  sin  J  (4'  —  4)  sin  i  (e/  +  €{) 


(657) 


If  V^  and  V^'  are  the  positions  of  the  mean  equinox  in  1800  + 1 
and  1800  +  <',  Vi  F,  is  the  planetary  precession  for  the  first  and 
F/  V^'  that  for  the  second  of  these  times,  which  being  denoted 
by  I?  and  1?'  we  have 

F;Q  =  90°  +  y-^' 
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If  then  we  put 

a,d  =  the  given  mean  right  ascension  and  declination  of  ft 

star  S,  for  1800  +  t, 
a',^'=  those  required  for  1800  +  f, 

we  have  a  =  F^,  and  a'  =  V^'iy,  and,  consequently, 

QD  =  r^D  — F,§  =  a+^  +  *—  90^ 

Qiy=  F/zy— F;c  =  a'— /  +  *'  — 90<>, 

Now,  let  P  and  P'  (Fig.  56)  be  the 
poles  of  the  equator  at  the  times 
1800 +  <,  1800 +  <',  AQD,  A'Qiy, 
the  two  positions  of  the  equator  at 
these  times,  as  in  Fig.  55 ;  iS^  the  star. 
Q  is  the  pole  of  the  great  circle  PP^A' 
joining  the  poles  P  and  P',  and, 
therefore,  PP'  =  AA'  =AQA'  =  6, 
and  in  the  triangle  PP'iS'  we  have 

PiS=  90<>  —  a,  P'S=  90^  — d',  pp  =  e 

SPP'=  AI)=90''+  QJ)  =  a  +2  +  ^ 

SP'P=  180O  —  A'i)'=  90*»—  C^=  180*  —  (a'—  y  +  «o 

Hence,  by  the  fundamental  equations  of  Spherical  Trigonometry, 


cos^'sin  (a'— y+  ^')=C08  ^sin  (o  +  2:  -f  *) 

cos^'co8(a' — /+*')  =  co8^co8(a  +  z  +  d)cos6  — sin^sinO    V  (658) 
sin  d'=co8^cos (a  +  2:  +  ^) 8in0  +  sin ^cosO 


) 


We  have  thus  a  rigorous  and  direct  solution  of  our  problem  by 
finding,  first,  0,  z^  and  z'  from  (656),  and  hence  a'  and  <J'  by  (658), 
employing  the  values  of  e,  i^,  #  for  the  time  1800  +  t,  and  of 
€',  4^\  ^  for  the  time  1800  +  <',  as  given  by  (646)  for  the  two 
dates. 

372.  The  formulae  (658)  may  be  adapted  for  logarithmic  com- 
putation by  the  introduction  of  an  auxiliary  angle  in  the  usual 
manner ;  or  we  may  employ  the  Gaussian  equations,  which,  if 
we  denote  the  angle  at  the  star  by  C7,  and  for  the  sake  of  brevity 
put 
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give 

coe  i  (90«  +  a')  sin  i  (^A'+C)  =  cos  J  (90«  -f.  ^  _  0)  sin  M 
cos  i  (90^  +  r)  cos  }  (il'+C)  =  cos  J  (90^  +  a  +  6)  cos  M 
Bin  J  (90«  +  3')  sin  }  (^'— C)  =  sin  J  (90*^  +  ^  --  8)  sin  M 
sin  i  (90^  +  ^')  cos  }  (^A'^C)  =  sin  }  (90^  +  ^  +  0)  cos  M 

378.  We  may,  however,  obtain  greater  precision  by  computing 
the  differences  between  A  and  A'  and  between  d  and  ^'.  Prom 
the  first  two  equations  of  (658)  we  deduce 

cos  d'  sin  (A' — A)  =  cos  d  sin  A  sin  0  [tan  d  -\-  tan  i  0  cos  A"] 

cos  3'  cos  (-4.' — J[)  =  cos  ^  —  cos  ^  cos  A  sin  0  [tan  d  +  tan  }  0  cos  Jl] 

so  that,  if  we  put 

p  =  sin  0  (tan  3  +  tan  }  0 cosii) 
we  have 

tan  (A'  —  A)  =  —^ 

1  — |>C08-4. 

and,  by  Napier's  Analogy,* 

cos  i(A'+A) 


(660) 


tani(^'  — ^)=tan}0 


cos  1(^'  — il) 


Example. — The  mean  place  of  Polaris  for  1755,  according  to 
the  TaAulcB  BegiomoniancBy  is 

a  =  10^  55'  44".955  3  =  87*^  59'  4rM2 

it  is  required  to  reduce  this  place  to  the  mean  equator  and 
equinox  of  1820. 

For  1755  we  take  <  =  —  45 ;  and  for  1820,  <'  =  +  20 ;  and,  by 
(646),  we  find— 

Fop  1755.  Fop  1820. 

4  =  —  37'  47".31  V=  +  16'  47".55 

*=        —   7".29  d'=        +   2".93 

e^  =  23^  27'  54".23488  e/=  23^^  27'  54".22294 

and  hence 

J(4'— 4)  =  27'17".43 
J(e/  — e,)=  -    0".00597 
i  (c/  +  ci)  =  23«  27'  54".23 

*  The  fopmulsB  (657),  (658),  (659),  (660)  ape  those  giyen  by  Bbbsbl  in  the  Tabulm 
RegiomofUanm. 
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with  which  the  formulae  (657)  ^ve 

}(y+«)  =  +  25'2".02 

}(/  — Z)=:       —  1".89 

«  =  +  25'  3".91 

/=  +  25'  0".13 

log  SID  ie=  7.499823 

Then,  by  the  formulae  (660),  we  find 

^  =  a  +  «  +  *  =  11°  2^  41".57 


logj) 
log  sin  A 
log  cos  .i 

9.266676 
9.298836 
9.991430 

lOgjICOflil 

ar.  CO.  log  (I  —p  cos  A) 
log  tan  (il'  — A) 

9.248106 
0.084629 
8.636141 

A'- 
a'=A'+l^- 

-A=  2°  28 

it' =13°  48 

-«'=14°  18 

'  18".08 
'  59".65 
'  56".85 

log  tan} 6  7.^ 
log  cos  J  (^'+^)  9.98M46 
log  sec  }  U'— ii)  0.000101 

log  tan  J  (^'—*)  9-^ 


d'^d=        2ri2".99 

a'=88^20'54'Ml 

874.  To  find  the  annual  precession  in  right  ascension  and  dtdm- 
Hon. — ^In  computing  the  precession  for  a  single  year,  the  square 
of  0  becomes  insensible,  and  we  may  take,  instead  of  (660),  the 
approximate  formula 

A'— A  =  a'  —  a  —  (/+  ^)  +  *'—*  =  e  sin  a  tan  a 

and  from  (657)  wo  then  have,  with  sufficient  accuracy, 

/+2r  =  (4'— 4)C08e, 
0  =  (V  —  4)  sin  cj 

Substituting  these  values  in  the  above  formula,  and  then  dividing 
by  V  —  /,  we  have 

= cos  e. +  -^ sm  e-  sm  a  tan  d 

which  gives  the  annual  precession  between  the  times  1800  +  <  wid 
1800  +  t\  the  unit  of  time  being  one  year.  But,  in  order  that 
the  formula  may  express  the  rate  of  change  at  the  instant 
1800  +  ^  we  must  suppose  the  interval  V  —ito  become  infinitely 
small ;  that  is,  we  must  write  the  formula  thus : 
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da        d^  <**    .    <^     .  .         .       • 

—  =  —  COS  e, Sin  c,sm  a  tan  d 

dt        dt  '       dt  ^  dt  * 

^oid  similarly,  from  the  last  equation  of  (660), 

dd       d-^ 


Putting  then 


we  find,  by  (646), 


sm  €,  cos  a 
dt        dt         * 


cf4                 d^ 
m  =  —  cos  e, 

dt  '       dt 

d-^    . 
n  =  — ^  sm  e. 

dt  ' 


(661) 


and  hence 


^  cos  e^  =(50".3798— 0".0002168<)  cos  r^ 
j=46".2135  —  0".00019887^ 

—  =    0".1612  —  0".00048372t 
dt 

m  =  46".0623  +  0".0002849 1 
n  =  20".0607  —  0".0000863^ 


}    (662) 


and  the  annual  precession  in  right  ascension  and  declination  for 
the  time  1800  +  <  is  found  by  the  formulas 

—  =  m  +  n%in  a  tan  9 

—  =  n  cos  a 
dt 

These  formulse  may  be  used  for  computing  the  whole  precession 
between  any  two  dates,  if  we  multiply  the  annual  precession  at 
the  middle  time  between  the  two  dates  by  the  number  of  years  in 
the  interval. 

Example. — The  mean  right  ascension  and  declination  of  Spica 
for  1800  are,  by  the  Tabulce  BegwrnoniancBy 

a  =       13»  14-  40'.6057 
^  =  —  10«   6'  46".848 

Find  the  mean  right  ascension  (a')  and  declination  (*')  for  1860. 
We  have,  for  1830,  by  making  <  =  80  in  (662), 

m  =  46".0708  n  =  20".0581 
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and,  for  a  first  approximation,  taking  a'  =  a,  d'  =  d,  we  have,  by 
(663), 

^=  +  47".22  ^  =  _i9".oo 

at  at 

The  approximate  precession  for  sixty  years  is,  therefore, 

in  R.  A.,  +  2883"  =  +  188'.9  in  dec,  —  1140" 

which,  applied  to  a  and  5,  give  the  approximate  values  for  1860, 

a'  =  18»  17"  49'.4  a'  ==  —  10*  25'  47" 

The  means  between  these  values  and  those  of  a  and  d  are 

a,  =  13»  16-  16'.  ^0  =  —  10^  16'  17" 

which  being  employed  in  (663)  give  the  more  correct  annual 
precession  for  1830, 

^  =  +  47".2579  ^=  —  18".9582 

at  at 

The  true  precession  for  sixty  years  is  then 

in  R.  A.,  +  2835".474  =  8-  9-.0316,  in  dec,  —  18'  67".492, 

which  applied  to  a  and  8  give  the  mean  place  for  1860, 

a'  =  13»  17-  49'.5873  .         a'  =  —  10*  25'  44".336 

and  these  values  agree  almost  precisely  with  those  found  by 
the  rigorous  method  of  Art.  371. 

375.  To  find  the  position  of  the  pole  of  the  equator  at  a  given  time.— 
The  precession  causes  the  pole  of  the  equator  to  revolve  about 
the  pole  of  the  ecliptic  (nearly)  in  a  small  circle  Tchose  polar 
distance  is  equal  to  the  obliquity  of  the  ecliptic.  Tne  time  in 
which  the  pole  will  make  a  complete  revolution  aiid  return  to 
the  same  position  (small  changes  in  the  obliquity  of  the  ecliptic 
not  considered)  is  the  value  of  t  given  by  the  equiition 

50".2411^  +  0".0001184<«=  360*  X  60  X  60  =  1296000" 

which  gives 

t  =  24447  years; 

or,  in  round  numbers,  since  the  precession  is  not  known  with 
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sufficient  precision  to  determine  so  great  a  period  exactly, 
t  =  24500  years. 

To  find  the  position  of  the  pole  for  any  indeterminate  time 
1800  +  /',  we  have  only  to  observe  that  if  P,  in  Fig.  56,  is  the 
pole  for  a  fixed  time  1800  +  <,  P'  that  for  the  time  1800  +  <', 
the  right  ascension  of  P',  reckoned  from  the  equinox  of  1800  +  /, 
is  equal  to  that  of  the  point  Q  diminished  by  90*^.  The  right 
ascension  of  §  is  V^Qin  Fig.  55,  and,  in  Art.  371,  we  have  found 

Y^Q  =  90^  —  r  —  * 
Hence,  if  we  put 

A,D  =  the  right  ascension  and  declination  of  the  pole  at  the 
time  1800  +  f,  referred  to  the  equator  and  equinox 

of    1800     +     ty 

we  have 

D  =  90<'  — e 

which  will  become  known  by  computing  i^,  i^',  c,  e\  &  for  the 
times  1800  +  t,  1800  +  i\  and  then  z  and  0  by  (657) 

An  approximate  solution  is  obtained  by  neglecting  the  varia- 
tion of  e,  and,  consequently,  taking  z^=  z,  and  also  neglecting  ^: 
so  that 

tan  ^  ==  —  tan  }  (V  —  4)  cos  e^  \ 

sin  (45<'  —  JD)  =       sin  J  (4'  —  4)  sin  c^  j     ^^^^^ 

The  ambiguity  in  determining  A  by  its  tangent  is  removed  by 
observing  that  cos  A  and  cos  J  (i|/'  —  i^)  must  have  the  same  sign 
so  long  as  1^'  —  1^  does  not  exceed  360°,  as  we  readily  infer  from 
the  equations  (656). 

For  example,  if  we  wish  to  find  the  position  of  the  pole  for 
the  year  14000,  referred  to  the  equinox  of  1850,  we  take  t  =  50, 
i'=  12200 ;  whence  if.'  —  1^  =  165°  33',  and 

A  =  277°  52'  J)  =  43°  28' 

The  position  of  a  Lyrce  for  1850  is 

a  =  277°  58'  d  =  38°  39' 

consequently,  this  star,  in  the  year  14000,  will  be  within  five 
degrees  of  the  pole,  and  will  become  the  pole  star  of  that  period. 
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876.  When  from  direct  observations  of  the  apparent  positions 
'  of  the  stars  we  deduce  their  mean  places,  we  find  that  the  changes 
in  these  mean  places  between  distant  dates  do  not  agree  with 
those  which  arise  solely  from  the  precession,  but  that  each  star 
appears  to  have  a  small  motion  of  its  own,  which  is,  therefore, 
designated  as  its  proper  motion.'^ 

This  proper  motion  is  partly  real — arising  from  the  absolute 
motion  of  the  star  in  space ;  and  partly  apparent — arising  from 
the  motion  of  our  own  sun,  with  the  planets,  whereby  our  point 
of  view  is  changed.  It  will  be  shown  hereafter  how  these  two 
motions  are  to  be  distinguished  from  each  other;  but  we  here 
consider  only  the  resultant  of  both. 

The  path  of  a  star  upon  the  celestial  sphere  is  assumed  to 
coincide  with  the  arc  of  a  great  circle,  and  the  proper  motion  in 
this  circle  to  be  uniform  or  proportional  to  the  time.  It  is  not 
probable  that  either  hypothesis  is  strictly  true ;  but  that  portion 
of  its  whole  orbit  which  a  star  appears  to  describe  even  in  several 
centuries  is  so  small  that,  in  the  observations  thus  far  practicable, 
no  sensible  departure  from  uniform  motion  or  from  motion  in  a 
great  circle  could  become  sensible. 

377.  In  order  to  distinguish  the  proper  motion  from  the  pre- 
cession, the  star's  observed  mean  place  at  two  different  dates 
must  be  referred  to  the  same  mean  equinox.  Suppose,  therefore, 
that  a  and  d  are  the  observed  mean  right  ascension  and  declina- 
tion for  the  time  1800  +  U  and  a'  and  ^'  those  for  1800  +  V.  If 
we  start  from  the  first  place,  and,  computing  the  precession  for 
the  interval  V—  t,  find  the  values  (a')  and  {»')  for  1800  +  /',  the 
whole  proper  motion  in  the  interval,  referred  to  the  equinox  of 
1800  +  t',  is 

But  if  we  start  from  the  second  place,  and,  reducing  it  to  the 
first  time,  find  (a)  and  (5),  the  proper  motion  in  the  interval, 
referred  to  the  equinox  of  1800  +  ty  is 

A»  =  (a)  —  a  Ad  =  (^)  —  S 

*  The  student  must  remember  that  precession  does  not  affect  the  relatiye  positioos 
of  the  stars,  but  only  shifts  the  circles  of  reference.  The  proper  motion  changes  th« 
relatiye  positions  or  the  apparent  configuration  of  the  stars. 
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878.  To  reduce  a  star's  mean  place  from  one  epoch  to  another^  when 
the  proper  motion  is  given. — ^Let  a,  5,  be  the  given  place  for  1800  +  <, 
and  let  the  given  anmuU  proper  motion  in  right  ascension  and 
declination,  referred  to  the  equinox  of  this  date,  be  denoted  by 
da  and  dd.  To  reduce  to  the  date  1800  +  <',  we  first  find  the 
whole  proper  motion  in  the  interval,  by  the  formulaB 

Aa  =  da(f'-'t)  AS  =  dd(Jf  —  t) 

Then,  putting 

(a)  =  a  +  Aa  (a)  =  ^  +  A^ 

we  compute  the  precession  by  the  formulse  of  Arts.  871  to  874, 
employing  in  these  formulae  (a)  and  (d)  for  a  and  8. 

K  the  proper  motion  (Aa',  a5')  had  been  given  for  the  epoch 
1800  +  /',  we  should  first  have  computed  the  precession  with  the 
given  values  a  and  ^,  and,  having  applied  it,  if  (a')  and  (5')  were 
the  resulting  values,  we  should  have  finally  a'  =  (a')  +  Aa', 
y={d')  +  Ad'. 

879.  To  reduce  the  proper  motion  in  right  ascension  and  declination 
from  one  epoch  to  another. — If,  in  Fig.  66,  P  and  P'  are  the  poles 
of  the  equator  for  the  epochs  1800  +  t  and  1800  +  V  respectively, 
and  we  suppose  the  star  S  to  vary  its  position,  the  present  problem 
requires  us  to  deduce  the  relations  between  the  variations  of  the 
parts  of  the  triangle  SPP'^  the  side  PP'  being  the  only  constant 
part.  Observing  the  notation  of  Art.  371,  we  have  (since  2:,  d, 
^',  #'  do  not  depend  upon  the  star's  place) 

d{SPP')  =  (f(a  +  2:  +  *)  ==  (f  o 

di^SF'P)  =  (i(180°  —  a'  +  ;?'  —  i9')  =  —  da' 

d(SP)  =  ^dd 

d(SP')=  —  dd' 

and  hence,  by  the  formulae  (47)  and  (46),  putting  y  for  the  angle 
at  the  star, 

cos  S'.  da'  =      da  cos  d  COS  /  +  ^  sin  /  1     reeS'i 

dd^=  —  da  cos  ^  sin  /  +  dd  cos  y  3    . 

in  which 

sin  O  sin  (a  +  z  4-  t>)        sin  0  sin  (a'  —  /  +  ^') 

sm  Y  = ^^ — ■ ■ — ^  = 1 I i 

cos  d'  cos  d 

cos  6  —  sin  d  sin  d' 

cos  y  = 

cos  d  cos  d' 
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In  computing  these,  it  will  usually  suffice  to  find  y  by  its  sine 
alone,  since  cos  y  will  always  be  positive  except  in  the  rare  case 
where  the  star  is  so  near  the  pole  that  cos  ©  <  sin  <J  sin  if. 

The  formulee  (665)  are  equally  applicable  whether  da,  (W,  ia.\ 
di*  denote  the  annual  proper  motion  or  the  whole  proper  motion 
in  the  given  interval. 

Example. — The  mean  place  of  Polaris  for  1755  was 
a  =  lO^'  55'  44".955  d  =  87°  5^  41".12 

and,  by  the  application  of  the  precession,  this  place  reduced  to 
1820  was  found,  on  page  616,  to  be 

(a')  =  W  13'  56".85  (^')  =  88°  20'  54".ll 

But  the  mean  place  for  1820,  derived  from  observation,  was, 
according  to  Bessel  in  the  TdlmUB  Begiomontance, 

o'  =  14°  15'  22".575  ^'  =  88°  20'  64".27 

Hence,  the  proper  motion  from  1755  to  1820,  referred  to  the 
mean  equinox  of  1820,  was 

Aa'  =  +  85".725  A^'  =  +  0".16 

or  the  annual  motion 

da'  =  +  1".31885  dd'  =  +  0".00246 

Now,  to  reduce  this  proper  motion  to  the  year  1755,  we  may 
employ  the  formulse  (665),  by  exchanging  da  with  da'  and  di 
with  c?5',  and  taking  y  with  the  negative  sign,  since  0  is  negative 
for  the  interval  from  1820  to  1755 ;  or  we  may  avoid  the  change 
of  notation  and  of  sign  by  deducing  from  (665)  the  following: 

cos  d.da=:  da  cos  d'  COS  y  —  dd'  Sin  ^ 
dd  =r  da  cos  d'  sin  Y  +  dd'  cos  y 

Prom  the  example  on  page  616,  we  find 

log  Bin  e  =  7.800851  a  +  z  +  ^  =  11°  20'  4r.57 

with  which  and  <J'  =  88°  20'  54''.27  we  find 

log  sin  r  =  8.634966  log  cos  y  =  9.999596 
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and  hence  for  1755  we  find 

rfa  =  +  r'.08228  d3=^  +  0".004098 

If,  now,  there  had  been  given  both  the  mean  place  and  tJie 
proper  motion  for  1755,  namely, 

a  =  10«  56'  44".955  d  =  87*^  59'  41".12 

da  =  +  1".08228  d3  =  +  0".004098 

to  find  the  mean  place  for  1820,  we  should  first  take 

(a)  =  10^  55'  44".955  +  1".08228    X  65  =  10^  66'  65".30 
(9)  =  87    59  41  .12    +  0  .004098  X  65  =  87    59  41  .39 

and  employing  these  values,  instead  of  a  and  5,  in  (659)  and  (660), 

we  should  find 

a+z  +  ^  =  A  =  W2V  51".92 
log  p  =  9.256691 
^'— A  =  2<'28'33".45 
}(a'— ^)=       10'36".44 
whence 

a'  =  14<>  15'  22".57  ^'  =  88<>  20'  54".27 

as  given  above. 

380.  The  proper  motion  on  a  great  circle. — K  we  denote  this  by 
/>,  and  the  angle  which  the  great  circle  makes  with  the  circle  of 
declination  of  the  star  by  Xj  reckoning  the  angle  from  the  north 
towards  the  east,  we  have 

P  Bin  X  =  Aa  cos  d  p  cos  /  =  A^ 

Thus,  we  find,  in  the  preceding  example,  for  Polaris  in  1755, 

p  =  0".O3809  r  =  83*^  49'.4 

and  in  1820, 

/t>  =  0".03809  /'=86M7'.8 

where  the  accent  of  ;f'  is  used  for  the  second  epoch,  but  p  is 
necessarily  the  same  for  both  epochs. 

It  is  evident,  moreover,  that  we  have  y'  =  Z  +  T"*  ^^^  hence, 
if  p  and  ;f  have  been  found  for  one  epoch,  it  is  only  necessary  to 
compute  Y  to  obtain  the  reduction  to  another  epocii;  for  we  tiien 
have,  by  (665), 

cos  d'  c?a'  =  p  sin  (x  +  t)  :=  p  sin  / 
dd'  =  pQos(x  +  r)  =  P  cos/ 
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381.  By  the  luni-solar  precession,  combined  with  the  diminu- 
tion of  the  obliquity  of  the  ecliptic,  the  mean  pole  of  the  equator 
is  carried  around  the  pole  of  the  ecliptic,  but  gradually  approach- 
ing it.  But  the  true  pole  of  the  equator  has  at  the  same  time  a 
small  subordinate  motion  around  the  mean  pole,  which  is  called 
nutation.  This  motion,  if  it  existed  alone,  would  be  nearly  in  an 
ellipse  whose  major  axis  would  be  18".5  and  minor  axis  13".7, 
the  major  axis  being  directed  towards  the  pole  of  the  ecliptic; 
and  a  revolution  of  the  true  around  the  mean  pole  would  be 
completed  in  a  period  of  about  nineteen  years.  This  period  b 
the  time  of  a  complete  revolution  of  the  moon's  ascending  node 
on  the  ecliptic,  upon  the  position  of  which  the  principal  termfl 
of  the  nutation  depend. 

This  periodic  nutation  of  the  pole  involves  a  corresponding 
nutation  of  the  obliquity  of  the  ecliptic  =  Ae,  and  a  nutation  of  the 
equinox  in  longitudej  or,  briefly,  a  nutation  in  longitude  =  idy  which 
are  expressed  by  the  following  formulae*  for  the  year  1800: 

Ac  =        r.2281  C08  JX— 0".0897cob2  JJ  +  0".0886cob  2(C 

+  O".661Ocob20  +  O".OO98cos(0  +  r) 

(666) 

AA  =  —  17".2406  sin  £i+  0".2078  sin  2  JJ  —  0".2041  sin  2^  +  0".0677  sin  ( C  -  ^ ) 

—  r.2694BUi20  +0'M2798iii(O— r)— 0^.0218Mn(O+^) 
in  which 

£2  =  the  longitude  of  the  ascending  node  of  the  moon's  orbit, 

referred  to  the  mean  eqainox, 
C  =  the  moon's  true  longitude, 
O  =  the  sun's  true  longitade, 
r  =  the  true  longitude  of  the  sun's  perigee, 
r'  =  the  true  longitude  of  the  moon's  perigee. 

The  quantity  a>1  is  also  called  the  equation  of  the  equinoxes. 

The  coefficient  of  cos  ft  in  the  formul»  for  as  is  called  the 
constant  of  nutation.  The  coefficient  of  sin  JJ  in  the  formula  for 
lX  is  equal  to  this  constant  multiplied  by—  2 cot  2B^m  which 

*  Pbtbrs,  Numerui  Conttans  Nutationit,  p.  46.  Some  ezoeedinglj  sman  terms,  ^^ 
others  of  short  period,  are  here  omitted,  as,  even  if  they  are  not  altogether  inseiiBible 
in  a  single  obserration,  their  effect  disappears  in  the  mean  of  a  number  of  ohsem- 
iions. 
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e,  =  23°  27'  54".2.  These  coefficients,  however,  are  not  absolatelj 
constant :  so  that,  according  to  Peters,  the  formulee  for  1900  will  h^ 

Ae=        9".2240oo8(2  — 0".0896oo82S2-f0".0885oo82C 

+  0".6507  0082©  +  0".0092oo8(O  +  r) 

(667) 

AA  =  —  ir.2577  8m  ft  +  a".2078  8in  2  Q  —  0".2041  sin  2(C  +  (r.0677  sin  ( C  —  r') 

— 1".2695  sin  2  O  +  0".  1275  sin  (Q—  r)  —  0".0218  8in(0+r) 

Since  the  attractions  of  the  sun  and  moon  upon  the  earth  do  not 
disturb  the  position  of  the  ecliptic,  but  only  that  of  the  equator 
and  its  intersection  with  the  ecliptic,  the  nutation  does  not  affect 
the  latitudes  of  stars,  and  its  effect  upon  their  longitudes  is 
simply  to  increase  them  all  by  the  same  quantity  ^L 

882.  To  find  the  nutation  in  right  ascension  and.  declination  for  a 
given  star  at  a  given  time, — ^Let  a  and  8  denote  the  mean  right 
ascension  and  declination  of  the  star  at  the  given  time ;  a'  and  8' 
the  true  right  ascension  and  declination  at  this  time,  or  the  mean 
place  corrected  for  the  nutation.  Let  the  coefficients  of  the 
formulse  for  Ae  and  aA  be  found  for  the  given  year  by  interpola- 
tion between  the  values  for  1800  and  1900,  and  then,  taking 
a,  <L ,  O,  /^,  and  F'  from  the  Ephemeris  for  the  given  date  (the 
day  of  the  year,  and,  for  the  greatest  precision,  the  hour  of  the 
day),  we  can  compute  the  values  of  A£  and  a^.  We  can  then 
have  either  a  rigorous  or  an  approximate  solution  of  our  problem. 

A  rigorous  solution  may  be  obtained  by  employing  the  for- 
mulse  (656),  (658),  and  (659),  substituting  e  +  i  ac,  ac,  a/1,  a  +  ^, 
and  a'  —  z*  for  \  (e/  +  €i), «/  —  ei,  i^'  —  i^*  -^  and  A ',  respectively. 

Another  rigorous  solution  is  obtained  by  first  computing  the 
mean  longitude  X  and  latitude  j9,  from  the  gi^'-en  a  and  5,  and 
the  mean  obliquity  e,  by  Art.  23.  Then,  with  the  true  longitude 
>l  +  A^,  the  true  latitude  j9,  and  the  true  obliquity  e  +  Ae,  we  can 
compute  the  true  right  ascension  a'  and  declination  8'  by  Art  26. 

But,  since  Ae  and  tl  are  very  small,  an  approximate  solution 
by  means  of  differential  formulae  will  be  sufficiently  accurate, 
and  practically  more  convenient.  The  effect  of  varying  X  and 
e  by  A^  and  Ae,  while  ^  is  constant,  is,  by  the  equations  (53), 

,  ,    COSlQCOSi? 

a  —  a  =  AX *- — Ae  COS  a  tan  b 

COS  ^ 

8'  —  d  =  aA  .  sin  17  cos  ^  •\-  ut  sin  o 
in  which  t^  is  the  position  angle  at  the  star,  as  defined  in  Art  2& 

Vol.  L— 40 
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Substituting  the  values  of  cos  7  cos  ^  and  sinjy  cos  ^  there  given, 
we  have 

o'  —  a  =  aX  (cos  c  +  sin  r  sin  a  tan  d)  —  a«  cos  a  tan  d 
6'  —  d  =1  aX  sin  c  cos  tt  +  Ac  sin  a 

Hence,  substituting  the  values  of  a^  and  Ae  for  1800,  with 
€  =  23^  27'  54",  and  also  the  values  for  1900  with  e  =  23°  27'  7", 
we  find 

a'— 0  = 
-^  (16''.8148  +  6".8660  sin  a  tan  d)  sin  ^    —  9".2281  cos  a  tan  (5  cos  Q 

15''.8321  (r.8083  9^.2240 

+  (  CM 902  +  0".0826  sin  a  ton  6)  sin  2JJ  +  0".0897  cos  a  tan  6  cos  2JJ 

—  (  ^'.1872  +  C'.OSIB  sin  a  ton  6)  sin  2^  —  0".0886  cos  a  ton  (9  cos  2C 
+  (  0".0621  +  0".0270  sin  o  tan  cJ)  sin  ( ([  —  /") 

—  (  1".1644  +  0".6056  sin  a  tan  J)  sin  2©  —  0".5610  cos  a  tan  d  cos  2© 
+  (  0".1178  -f  0".0609  sin  a  tan  J)  sin  (©  —  r) 

^  (  0".0196  +  0".0086  sin  a  tan  d)  sin  (O  4-  r)  —  0".0093  cos  a  ton  d  cos  (Q  +  ^ 

(668) 
d'  —  d  =  —  6".8650  cos  o  sin  JJ     +  9".2281  sin  a  cos  JJ 
0^.8082  9».2M0 

+  0''.0826  cos  a  sin  2(2  —  0".0897  sin  a  cos  2  (2 

—  (^'.0818  cos  a  sin  2C  +  0".0886  sin  a  cos  2([ 
+  0".0270  COB  o  sin  (([  —  r') 

—  0".6066  cos  a  sin  2  ©  +  0".6610  sin  o  cos  2  © 
+  0".0609  cos  a  sin  (©  —  F) 

—  0".0085  cos  a  sin  (©  +  /')  +  0".0093  sin  a  cos  (©  +  i^ 

The  values  of  the  coefficients  which  sensibly  change  during  the 
century  are  given  for  1900  in  small  figures  below  the  values  for 
1800.* 

Previous  to  the  investigations  of  Pbters,  the  only  terms 
retained  in  the  nutation  formula  were  those  depending  on 
(2  9  2  S2 ,  2  c  9  and  20.  Of  the  additional  terms  added  by  him,  I 
have  retained  only  those  which  can  have  any  sensible  effect  m 
the  actual  state  of  .the  art  of  astronomical  observation. 

883.  General  tables  for  the  nutation  in  right  ascension  and  d^lmor 
Hon. — Of  the  various  tables  proposed  for  facilitating  the  compu- 

*  If  we  toke  into  account  the  squares  of  AT.  and  Ae  and  their  product  in  the  derelop- 
ment  of  a' —  a  and  6'  —  d  in  series,  some  of  the  coefficients  are  changed,  but  onl/by 
two  or  three  units  in  the  last  decimal  place.  Compare  the  formulas  of  the  text  witli 
those  giyen  by  Pbtkbs  in  the  Numerut  CotutanSf  and  by  Stbwb  in  the  Attrwom. 
Naeh.,  No.  4S6. 
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tation  of  the  nutation  formulee,  the  most  compendious  are  those 
computed  by  Nicolai,  according  to  the  form  suggested  by  Gauss, 
and  included  in  Warnstorff's  edition  of  Schumachbr^s  HillfS' 
iafeln.  In  these  tables  the  new  constants  are  adopted  from 
Peters,  as  in  the  preceding  formulse,  and  the  epoch  is  1860. 

For  the  lunar  nutation  in  right  ascension,  the  first  table  gives, 
with  the  argument  Q ,  the  quantity 

—  15".8235  sin  a  =  c 

The  two  remaining  terms  in  the  first  line  of  our  formula  are 
reduced  to  a  single  term  by  assuming  auxiliaries  b  and  J3,  also 
given  in  the  tables  with  the  argument  Q ,  determined  by  the 

conditions 

b  sin  (a  +  5)  =  6".8666  sin  ft 
bco%{Q,  +  B)  =  9".2235  cos  ft 

Thus,  the  first  line  of  the  formula,  containing  the  principal  terms 
of  the  lunar  nutation  in  right  ascension,  becomes 

c  —  6  cos  (JX  +  5  —  o)  tan  d 

By  the  use  of  the  same  auxiliaries,  the  first  two  terms  of  the 
lunar  nutation  in  declination  are  reduced  to  the  following : 

—  6  sin  (ft  +  ^  —  a) 

For  the  solar  nutation,  the  second  table  gives,  with  the  argu- 
ment 2©,  the  quantity 

—  rM644sin20  =g 

and  the  two  remaining  terms  involving  2©  are  reduced  to  a 
single  one  by  the  auxiliaries/ and  jP,  given  in  the  table,  which 
are  determined  by  the  conditions 

/  sin  (20  +  i^)  =  (K'.5055  sin  20 
/cos (20  +  JP')  =  (K'.5510  cos  20 

BO  that  the  solar  nutation  in  right  ascension  is 

g  —/cos  (20  +  F—  •)  tan  d 

and  the  solar  nutation  in  declination  is 

— /Bin(20  +  i^— c») 

Almost  all  the  remaining  terms  of  the  formulae  may  also  be 
found  by  means  of  the  table  for  the  solar  nutation.  The  coefli- 
cients  of  the  terms  in  2ft  and  2([  are  about  one-sixth  part  of 
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those  of  the  terms  in  20,  while  the  signs  of  the  terms  in  2S 
are  the  opposite  to  those  in  20 :  hence,  to  find  the  value  of 
these  tehns,  we  can  enter  the  tahle  first  with  the  argument 
2ft  +  180°  (=  2ft  +  VI'),  and  then  with  2C;  and,  computing  the 
nutation  in  each  case  hy  the  above  forms  for  the  solar  nutation, 
take  J,  or  more  exactly  A?  of  the  sum  of  the  results.  The  terms 
in  Q  +  r  are  obtained  by  entering  the  table  with  the  argument 
Q  +  r  and  taking  ^  of  the  results.  The  terms  in  ©  —  T  will 
be  found  in  the  most  simple  manner  by  multiplying  the  annual 
precession  [given  by  (668),  and  usually  computed  in  connection 
with  the  nutation]  by  ,Jj  sin  ( O  —  /^ ;  and  the  terms  in  C  —  f 
by  multiplying  the  annual  precession  by  ^J,  sin  ( (L  —  P'). 

The  computation  even  with  the  aid  of  these  tables  is  suffi 
ciently  tedious.  Their  chief  recommendation  is  their  brevity; 
but  where  the  nutation  is  to  be  computed  very  frequently,  more 
extended  tables  are  required,  such,  for  example,  as  are  given 
in  the  8d  vol.  of  the  Washington  ObservationSy  Appendix  C,  by 
Professors  Hubbabd,  Coffin,  and  Kbith, 

ABERRATION. 

384.  The  apparent  direction  of  a  star  from  the  earth  is  deter- 
mined by  the  direction  of  the  telescope  through  which  it  is  ob- 
served. But  this  apparent  direction  differs  from  the  true  one  in 
consequence  of  the  motion  of  the  earth  combined  with  the  pro- 
gressive motion  of  light;  for  the  telescope,  partaking  of  the 
movement  of  the  earth,  is  changing  its  position  while  the  light 
is  descending  through  its  axis. 

Let  us  distinguish  between  the  two  instants  t  and  t'  when  the 
ray  of  light  from  the  star  arrives  respectively  at  the  object-end 
and  at  the  eye-end  of  the  axis  of  the  telescope. 
*'**•  *^*  Let  Ay  B  (Fig.  57)  be  the  position  of  the  object 

and  eye  end  of  the  telescope  at  the  instants* 
A\  B\  their  positions  at  the  instant  V ;  BB\  the 
motion  of  the  earth  in  the  interval  t'  —  /,  in 
which  the  ray  SAB'  from  the  star  is  describing 
the  line  AB\  Then  it  is  evident  that,  while  5'il 
is  the  true  direction  of  the  star,  B'A'  is  the  ap- 

parent    direction    as  given  by  the  telescope.* 

^'  ^  ^  ^'  Moreover,  supposing  the  motion  of  the  earth  for 

*  Gauss  :  Theoria  Mottu  Corporum  Coelutwm^  p.  68. 
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BO  small  an  Interval  to  be  rectilinear  and  uniform,  and  the 
motion  of  Ijght  to  be  uniform,  the  lines  BA  and  B'A'  are 
parallel,  and  the  ray  of  light  during  its  progress  from  A  to  -B', 
is  constantly  in  the  axis  of  the  telescope ;  for  instance,  when  the 
telescope  is  in  the  position  6a,  the  ray  will  have  reached  the 
point  a,  and  we  have 

AaiBb  =  AB':BB' 

The  difference  of  apparent  direction  thus  caused  by  the 
motion  of  the  earth  combined  with  that  of  light  is  called  the 
aberration  of  ihefxed  stars.  When  we  also  take  into  account  the 
motion  of  the  luminous  body,  as  in  the  case  of  the  planets, 
another  species  of  aberration  occurs,  which  will  be  considered 
hereafter,  under  the  name  of  the  planetary  aberration. 

The  whole  displacement  of  the  star  produced  by  aberration  is 
in  the  plane  passed  through  the  star  and  the  line  of  the  observer's 
motion,  and  the  star  appears  to  be  thrown  forward  in  this  plane 
in  the  direction  of  that  motion.  Thus,  in  the  figure  the  whole 
aberration  is  the  angle  SB' A' ;  and,  if  we  conceive  the  plane  of 
the  lines  SB'  and  BB'  to  be  produced  to  the  celestial  sphere, 
this  plane  will  be  that  of  a  great  circle  drawn  through  the  place 
of  the  star  and  the  points  of  the  sphere  in  which  the  line  BB^ 
meets  it.  The  displacement  of  the  star  will  be  the  arc  of  this 
circle  subtending  the  angle  SB' A'  and  measured  from  the  star 
towards  that  point  of  the  sphere  towards  which  the  observer  is 
moving. 

385.  To  find  the  aberration  of  a  star  in  the  direction  of  the  observer's 
motion. — ^Let 

d  =  AB'B^  =  the  true  direction  of  the  star  referred  to  the 

line  B'B^, 
=  the  arc  of  a  great  circle  of  the  sphere  joining  the  star's 

true  place  and  the  point  from  which  the  observer  is 

moving, 
^  =  the  apparent  direction  of  the  star  referred  to  the  same 

line,  =  ABB^, 
V=  the  velocity  of  light, 
V  =  the  velocity  of  the  observer ; 

then  the  aberration  in  the  plane  of  motion  is  the  angle  A'B'A 
«=  B'AB  =  &'—&,  and  the  triangle  ABB'  gives 

Bin(^^  — »»)  _  BB'  __  v^ 
Bin  ^       ~  AB'  ~"  V 
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As  ?>'  --  ?>  is  very  small,  we  may  put  the  arc  for  the  sine ;  aud  if 
we  then  also  put  ^ 

V 


k  = 


we  shall  have 


Fsinl" 


^'  —  i»  =  A-  sin  t>'  (670) 


where  the  constant  A:  may  be  regarded  as  known  from  the  velo- 
cities of  light  and  of  the  observer. 

886.  The  motion  of  the  observer  on  the  surface  of  the  earth  is 
the  resultant  of  the  motion  of  the  earth  in  its  orbit  and  its  rota- 
tion on  its  axis ;  that  is,  of  its  annvul  and  diurnal  motions.  These 
may  be  separately  considered. 

The  annual  aberration  is  that  part  of  the  total  aberration  which 
results  from  the  earth's  annual  motion.  It  may  be  called  the 
aberration  for  the  earth's  centre. 

The  diurnal  aberration  is  that  part  of  the  total  aberration  which 
results  from  the  earth's  diurnal  motion.  It  obviously  varies 
with  the  position  of  the  observer  on  the  earth's  surface,  aud 
vanishes  for  an  observer  at  the  poles. 

387.  To  find  the  annual  aberration  of  a  star  in  longitude  and  M- 
iude. — ^Let 

X,  fi  z=z  the  true  longitude  and  latitude  of  the  star, 
;i',  ^'  =  the   apparent  longitude  and  latitude   (affected  hy 
aberration), 
O  =  the  true  longitude  of  the  sun. 

The  point  of  the  sphere  from  which  the  earth  appears  to  be 

moving  is  a  point  in  the  ecliptic  whose  longitude  is  90*^  +  0 

(the  eccentricity  of  the  earth's  orbit  being  here  neglected),  aiul 

the  mean  velocity  of  the  earth  in  its  orbit 

Xftff      Kfl  V 

may  be  supposed  to  be  substituted  in  (669): 

so  that  k  is  known. 
If,  then,  BE  (Fig.  58)   is   an  arc  of  the 

ecliptic,  -&the  point  from  which  the  earth 
is  moving,  S  the  true  place  of  the  star,  and  if  SB  is  drawn  per* 
pendicular  to  BJE,  we  have,  in  the  right  triangle  SBE^ 

8B  =  ^,  BB=dO'>+0—^,  SE=:^. 
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and  hence,  if  we  denote  the  angle  E  by  /•,  we  have 


Bin  1*  sin  ^  =       sin  p 

sin  d  cos  ^  =       cos  /9  cos  (0  —  A)  ^    (671) 

cos  *  =  —  cos  p  sin  (©  —  k) 


] 


The  apparent  place  of  the  star  is  on  the  great  circle  ES  at  the 
distance  ^  from  S:  so  that,  if  we  now  suppose  S  to  be  the 
apparent  place,  the  angle  x  is  i^ot  changed,  and  we  have 


sin  d'  sin  ^  =       sin  p' 

sin  d'  cos  r  =       cos  /S'  cos  (©  —  X')  }    (672) 

cosd'=  —  cos  ;9'sin  (O  —  X') 


1 


If,  then,  the  true  place  of  the  star  is  given,  the  equations  (671) 
may  be  used  to  determine  /•  and  e? ;  then  i?'  will  be  found  from 
(670),  and,  finally,  X'  and  /9'  will  be  found  from  (672).  This  is 
the  direct  and  rigorous  solution  of  the  problem ;  but  a  more 
convenient  solution  is  obtained  by  eliminating  i?  and  x  as  follows. 
We  find,  from  the  equations  (671)  and  (672), 

sin  *'  cos  *  cos  ^  =  —  cos  p  cos  ^'  sin  (0  —  X)  cos  (0  —  X') 
sin  *  cos  d'  cos  y  =  —  cos  /9  cos  ^9'  cos  (0  —  X)  sin  (0  —  X') 

the  difference  of  which  is 

sin  (  d'  —  1^)  cos  ^  =  —  cos  /9  cos  p'  sin  (X'  —  X) 


whence 


(i»^  —  i»)  cos  Y  k^\n  »V  cos  y 


(673) 


cos  /9  cos  p'  cos  ^  cos  ^' 

or 

C08/9 

Again,  we  find,  from  our  equations, 

cot  Y  =  coi  p'  cos  (0  —  X')  =  cot  fi  cos  (0  —  X) 

by  which  ^'  can  be  found  from  )9  after  ^'  has  been  found  by  (673), 
or  we  may  find  the  difference  between  j9'  and  /9  thus : 

«/      X      .      X      ./  fcos  CO  —  ^')  —  <5os  (0  —  X)l 

tan  /?'-  tan  ;9  =  tan  /9'  ^ '— -^ '-\ 

I  cos  (0  —  X')  1 

.     .../       o^       2  sin  i  (X'  —  ;)  sin  [0  —  j  (X'+  ;)]  sin  fi'  cos ff 
Bm(;9-/5)= cos(0-/) 

whence,  taking  2  sin  |  (/I'  —  >l)  =  sin  {X'  —  X),  we  obtain,  by  means 

of  (673), 

/J'— ^  =  —  *  sin  [0  — »(-»'  + -l)]  Bin /J'  (674) 
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The  equations  (678)  and  (674)  are  almost  rigorously  exact;  but, 
since  the  value  of  k  is  only  about  20",  a  sufficient  degree  of 
accuracy  will  be  obtained  if  in  the  second  members  we  put 
X  and  j9  for  X^  and  j9'.  The  formulse  for  the  annual  aberration  in 
longitude  and  latitude  thus  become 

i'  —  i  =  —  A:  cos  (O  —  A)  sec  p  \ 

/9'  — i9=  — jfcsin(0  — A)8ini8  J    ^^'^^ 

in  which  the  value  of  the  constant,  according  to  Struvb,*  is 

k  =  20".4451 

These  last  formulsB  may  be  directly  deduced  by  differentiating 
the  equations  (671). 

K  we  retain  terms  of  the  second  order  in  developing  (673) 
and  (674),  we  shall  find  that  the  following  quantities  will  be 
added  to  the  second  members  of  (676) : 

—  J  l^Bin  r  sin  2  (0  —  i)  see"/? 
and  —  i  A'sin  1"  tan  ;9  —  }  A* sin  1"  cos  2 (0  —  i)  tan  i? 

But  the  term  —  J  A?  sin  1"  tan  ^  being  constant  may  be  omitted, 
since  it  will  be  included  in  the  expression  of  the  star  8  mem 
place,  which  (Art.  861)  involves  the  non-periodic  elements  of 
the  star's  position.  Retaining,  therefore,  only  the  periodic  terms 
— ^namely,  those  involving  0 — ^the  more  complete  formulse  will  be 

V  —  X  =  —  20". 4461  COB  (O  —  X)  sec  /3  —  0".0010188  sin  2  (0  —  X)  sec*  /S  \  /g^gf  x 
0'— )8=  — 2O".446lBin(0— A)8m/3  — O".OOO5O67cob2(0— X)taii /3  r 

The  last  terms  will  be  sensible  only  for  stars  very  near  the  pole. 
Terms  of  the  second  order  not  multiplied  by  tan^  or  sec^  are 
wholly  insensible,  and  have  been  disregarded  in  the  deduction 
of  the  above  formulse. 

888.  It  is  easy  to  prove,  from  the  equations  (675),  that  the 
effect  of  the  aberration  is  the  same  as  if  the  star  actually  moved 
in  a  circle  parallel  to  the  plane  of  the  ecliptic ;  the  diameter  of 
the  circle  being  equal  to  the  distance  of  the  star  multiplied  by 
sin  k.  This  circle  will  be  seen  projected  upon  a  plane  tangent 
to  the  sphere  at  the  mean  place  of  the  star,  as  an  ellipse  whose 
major  axis  is  sin  A  and  minor  axis  sin  A:  sin  ^,  the  radius  of  the 

*  Astran,  Naek^  No.  484. 
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sphere  being  unity.  The  period  in  which  a  star  appears  to 
describe  this  ellipse  is  a  sidereal  year. 

889.  To  find  the  animal  aberration  in  right  ascensim  and  deelina^ 
tion. — ^Let 

A,D  =  the  right  ascension  and  declination  of  the  point  E 
(from  which  the  earth  is  moving) ; 

then,  in  the  triangle  formed  by  the  point  E^  the  star,  and  the 
pole  of  the  equator,  the  sides  are  90°  —  Z),  90®  —  ^,  and  t> ;  and 
the  angle  opposite  to  t>  is  J.  —  a.  If  then  we  suppose  the  side 
I?  to  vary,  the  corresponding  variations  of  the  angle  A  —  a  and 
the  side  90°  —  d  may  be  directly  deduced  by  the  diflferential 
formulae  of  Art.  34.  The  angle  at  E  and  the  side  90°  —  D  being 
constant,  we  find 

cos  ^ .  (Zo  =  —  d^^in  0 
dd  =  —  d^  cos  C 

where  C  denotes  the  angle  at  the  star.  For  determining  C,  our 
triangle  gives 

sin  ^  sin  C  =  cosD  sin  (^A  —  a) 

sin  1^  cos  C  =  cos  ^  sinD  —  sin  d  cosD  cos  (A  —  a) 

In  (670)  we  may  employ  sin  t>  for  sin  ^ :  so  that,  putting  a'  —  a 
and  ^  —  t>  for  da  and  de?,  we  find 

a'  —  o  =  —  A:  sec  ^  cosD  sin  (A  —  a)  1 

d'^d=—k  [cos  d  sinD  —  sin  9  cosD  cos  (^  —  a)]  j     ^^'^^ 

The  quantities  A  and  D  are  found  from  the  right  triangle 
formed  by  the  equator,  the  ecliptic,  and  the  declination  circle 
drawn  through  j&,  by  the  formulae. 


cosD  cos^  =  —  sin  O 

cosD  sin  A  =       cos  ©  cos  e  ^    (677) 

sini>=       cos  O  sin  c 


} 


If  we  substitute  these  values  in  the  formulae  for  a'  —  a  and 
d'  —  dy  after  developing  sin  {A  —  a)  and  cos  {A  —  a),  we  obtain 


a'  —  a  =  —  A:  sec  ^  (cos  O  cos  e  cos  o  +  sin  0  sin  a)  ^ 
d'—  d  =  —  A:  cos O  (sin  e  cos  ^  —  cos  e  sin  d  sin  a)     ^    (678) 
—  A:  sin  O  sin  ^  cos  a 


] 
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If  we  retain  the  tenns  of  the  Becond  order,  (omitting,  however, 
those  which  do  not  involve  ©,  or  the  non-periodic  terms),  we 
find  that  the  aberration  in  right  ascension  obtains  the  additional 
terms 

—  J  k*&m  !"(!  +  coB'e)  cos  2©  sin  2  a  sec*  d 
-|-  I  A' sin  1"  cos  e  sin  20  cos  2a  secM 

and  the  aberration  in  declination  the  terms 

+  J  A*  sin  r'[8in*e  —  (1  +  cos*c)cos  2©  cos  2  a]  tan  ^ 

—  \k*  sin  1"  cos  c  sin  2  ©  sin  2  a  tan  d 

Substituting  the  value  of  k  in  these  terms,  together  with 
€  =  28°  27'  30"  (for  1850),  and  omitting  insensible  quantities, 
the  corrections  of  the  formulce  (678)  will  be 

in  (a'  —  a),        —  0".000931  sin  2  (©  —  a)  sec*  d      )  ,gyg»^ 
in  (J'  _  J),        —  0".000466  cos  2  (©  —  a)  tan  ^       P 

Example  1. — The  mean  longitude  and  latitude  of  Spica  for 
January  10,  1860,  are 

X  =  201«>  53'  22".33  ^8  =  —  2^  2'  36''.29 

and  the  sun's  longitude  is 

©  =  289«*  30' 

Hence,  we  find,  by  (675),  the  aberration  in  longitude  and  latitude, 

A'  —  A  =  —  0".85  /9'  —  i8  =  +  0".73 

The  corresponding  mean  right  ascension  and  declination  are 

a  =  13»  17-  49'.62  ^  =  —  10<>  25'  44".9 

whence^  by  (678),  taking  e  =  23°  27'.4,  we  find  the  aberration  in 
right  ascension  and  declination, 

a'  —  a  =  —  0".53  =  —  0-.035  ^'  _  ^  =  +  0".99 

Example  2. — The  mean  place  of  Polaris  for  1820.0  was 

a  =  0»  57-  1'.505  =  14«>  15'  22".57 
d  =  88°  20'  54".27 

and  for  this  date, 

©=280«>0'  t=:23*'27'.8 
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with  which  the  aberration  in  right  ascension  and  declination  is 
found,  by  (678),  to  be 

a'  —  a  =  +  62".51  =  +  4M67  d'  __  ^  =  +  20".27 

The  additional  terms  of  (678*)  are  in  this  case  —  0'M58  = 
—  coil  and  +  0".016,  and  the  more  correct  values  are,  there- 
fore, 

a' ~  a  =  +  4M66  d'^d  =  +  20".29 


890.  Gausses  Tables  for  computing  the  aberration  in  right  osceTision 
and  declination. — ^If  we  determine  a  and  A  by  the  conditions 

a  sin  (Q  +  A)  =  k  sin  © 

a  cos  (O  +  A)  =  A  cos  O  cos  e 

the  formulae  (678)  may  be  expressed  as  follows : 

o'  —  tt  =  —  a  sec  ^  co8(0  -{-A  —  o) 

d'  —  d  z=  —  a  sin  J  sin  (0  -f-  ^  —  o)  —  k  cos  ©  cos  d  sin  e 

=  —  a  sin  ^  sin  (©  -\-  A  —  o)  —  i  A:  sin  c  cos  (©  +  d) 

—  i  /:  sin  c  cos  (©  —  d) 

The  first  of  the  tables  proposed  by  Gauss*  gives  A  and  log  a 
with  the  argument  sun's  longitude,  and  with  these  quantities  we 
readily  compute  the  aberration  in  right  ascension  and  the  first 
part  of  the  aberration  in  declination.  The  second  and  third 
parts  of  the  aberration  in  declination  are  taken  directly  from 
the  second  table  with  the  arguments  ©  +  ^  and  ©  ~  5.  The 
tables  have  been  recomputed  by  Nicolai  with  the  constant 
k  =  20".4451,  and  are  given  in  Warnstorff's  edition  of  Schu- 
macher's Hillfstafeln. 

The  value  of  e  for  1850  is  employed  in  computing  these 
tables.  The  rate  of  change  of  e  is  so  slow  that  the  tables  will 
answer  for  the  whole  of  the  present  century,  unless  more  than 
usual  precision  is  desired. 

891.  In  the  preceding  investigation  of  the  aberration  formulae 
we  have,  for  greater  simplicity,  assumed  the  earth's  orbit  to  be  a 
circle  and  its  motion  in  the  orbit  uniform.  Let  us  now  inquire 
what  correction  these  formulae  will  require  when  the  true  ellip- 
tical motion  is  employed. 

*  Monatliche  Correapondem,  XVII.  p.  812. 
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I£  u  is  the  true  anomaly  of  the  earth  in  the  orbit,  reckoned 
from  the  perihelion,  at  the  time  t  from  the  perihelion  passage, 
r  the  radius  vector,  a  the  mean  distance  of  the  earth  from  ^e 
son,  or  the  semi-major  axis  of  the  ellipse,  we  have 

1  +  e  cos  tt 

The  true  direction  of  the  earth's  motion  at  any  time  is  not,  aa 
in  the  circular  orbit,  at  right  angles  to  the  direction  of  the  snn, 
but  in  that  of  the  tangent  to  the  curve.  If  we  denote  the  angle 
which  the  tangent  makes  with  the  radius  vector  by  90°  -- 1,  we 
have,  by  the  theory  of  curves, 

cot(90«-^i)=l.~ 
^  ^      r  du 

iK^hence,  by  ^he  above  equation  of  the  ellipse, 

e  sin  u 
tan  %  = 

1  +  e  cos  u 

and  the  true  direction  of  the  earth's  motion  will  be  taken  into 
acooant  in  our  formulse  (676),  if  for  O  we  substitute  Q  —  i 

If  v^  denotes  the  true  velocity  of  the  earth  in  its  orbit  at  tie 
time  iy  we  have 

.  du 

1?=  r  sec  I  -37 

'  dt 

and  if  /  is  the  area  described  by  the  radius  vector  in  the  time  ^ 
F  the  whole  area  of  the  ellipse  described  in  the  period  T,  we 
have,  by  Kepleb's  first  law, 

1  =  1 
t        T 

or 

df_F 

dt'"  T 
We  also  have,  by  the  theory  of  the  ellipse, 

JP'=iraV(l— «0 

df_f^  dM 
dt~  2  '  dt 
and  hence 

du  _  2na*  v/(l  —  gp 
dt  Tf» 


ABBERATION.  687 

which,  substituted  in  the  above  value  of  r^,  together  with  the 
value  of  r,  gives 

The  mean  value  of  this  velocity  is  that  value  which  it  would 
have  if  the  small  periodic  terms  depending  on  u  and  i  were 
omitted  (Art.  361) ;  thus,  denoting  the  mean  velocity  by  r,  we 
have 

v  = ^ ?^  (679) 

1/(1- e')r 

r,  =  t;  (1  +  «  cos  u)  sec  i  (680) 

K.  then,  Fis  the  velocity  of  light,  and  we  put 

k.  =  ^=r-7^ — :  =  *  (1  4-  e  cos  ti)  sec  i 
F  sm  1" 

we  can  at  once  adapt  our  equations  (675)  to  the  case  of  the 
elliptical  orbit,  by  introducing  k^  for  k  and  ©  —  i  for  ©,  so  that 
we  have 

X'  —  X  =  —  ft  (1  4-  ^  <50s  u)  cos  (O  —  X  —  t)  sec  i  sec  fi 
fi'  —  fi  =  —  k(l  4-  e  cos  u)  sin  (O  —  il  —  i)  sec  i  sin  fi 

Developing  the  sine  and  cosine  of  (©  —  A)  —  i,  we  have 

cos  (©  —  X  —-i)  sec  i  =  cos  (©  —  X)  -\-  sin  (©  —  X)  tan  i 
sin  (©  —  X  —  I)  sec  i  =  sin  (©  —  X)  —  cos  (©  —  X)  tan  i 

and  substituting  the  value  of  tan  i,  we  find 

X'  —  X  =  —  k  cos(Q  —  X)  sec  fi  —  Are  cos  (©  —  u  —  X)  sec  fi 
I?'  —  ;9  =  —  ft  sin  (©  —  i)  sin  ^  —  ftc  sin  (©  —  ti  —  X)  sin  fi 

The  longitude  of  the  sun's  perigee  is 

r=Q  —  u 

by  the  introduction  of  which  we  have,  finally, 

/  —  ^  =  —  ft  cos  (©  —  A)  sec  /9  —  fte  cos  (F—  ;)  sec  fi  1     ^^ 
?'  —  fi=  —  ft  sin  (©  —  A) sin  fi  ^  ke  sin  (r—  X)  sin  fi  j     ^^  ^ 

These  formulse  diflfer  from  (675)  only  by  the  second  terms, 
which  therefore  are  the  corrections  for  the  eccentricity  of  the 
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orbit-  But  we  observe  that  these  terms  involve  only  quantities 
which  for  a  fixed  star  are  very  nearly  constant,  so  that  for  the 
same  star  they  will  have,  sensibly,  the  same  values  for  very  long 
periods :  the  corrections  themselves  being  exceedingly  small, 
since  e  =  0.01677,  and  hence  ke  =  0''.3429.  They  may,  there- 
fore, be  regarded  either  as  constant  corrections,  or  a^  correetiona 
having  only  a  slow  secular  change ;  and  in  either  case  they  will 
be  combined  with  the  mean  place  of  the  star,  and  may  be 
altogether  disregarded  in  the  correction  for  the  annual  aberra- 
tion.* The  formulae  (675),  derived  from  the  circular  orbit,  will 
therefore  be  considered  as  complete  (for  the  fixed  stars),  and, 
consequently,  also  (678),  which  are  derived  from  the  same  hypo- 
thesis. 

892.  The  sun's  aberration. — Since  fi  is  less  than  1",  there  is  no 
sensible  aberration  in  latitude.  The  aberration  in  longitude 
must  be  found  by  the  complete  formula  (681),  for  in  the  case  of 
the  sun  X  is  variable.  Hence,  writing  ©  for  Xy  the  aberration  of 
the  sun  is  found  by  the  formula 

©'—  O  =  —  20".4451  —  0".8429  cos  (r—  ©)  (682) 

in  which  for  this  century  we  may  employ  P  =  280°  without  an 
error  of  0".01. 

We  could  derive,  from  this,  formula  for  the  sun's  aberration  in 
right  ascension  and  declination ;  but  the  practical  method  is  to 
treat  the  sun  as  a  planet,  and  to  employ  the  planetary  aberration 
which  is  given  in  a  subsequent  article. 

893.  To  find  the  diurnal  aberration  in  right  ascension  and  declm- 
tion.—Jjet 

xf  =  the  velocity  of  a  point  of  the  terrestrial  equator,  arising 
from  the  rotation  of  the  earth, 

*'=— 4— -  =  ^.1  (683) 

Fsinl"  V  ^     ^ 

The  diurnal  aberration  in  the  places  of  stars,  as  observed  from  a 
point  on  the  equator,  may  be  investigated  in  the  same  manner 
as  the  annual  aberration,  by  substituting  the  equator  for  the 
ecliptic,  and,  consequently,  right  ascensions  and  declinations  for 

*  B188KL,  TabultB  RtgumofUanm^  XIX. 
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\  ititudes  and  longitudes.  The  nadir  of  the  point  of  observation 
is  then  to  be  substituted  in  the  place  of  the  sun  :*  so  that  if  we 
put 

6  =  the  right  ascension  of  the  zenith,  or  the  sidereal  time^ 

the  formulse  (675)  are  rendered  immediately  applicable  to  the 
present  case  by  putting  180°  +  ©,  a,  5,  and  A'  for  ©,  A,  ^,  and  k; 
whence  we  have,  for  a  point  on  the  terrestrial  equator , 

a'  —  o  =  A:'  cos  (0  —  tt)  sec  d 
^'  —  ^  =  A'  sin  (6  —  a)  sin  d 

Since  every  point  on  the  surface  of  the  earth  moves  in  a  plane 
parallel  to  the  equator,  and  this  plane  is  to  be  regarded  as  coin- 
cident with  the  plane  of  the  celestial  equator,  the  same  formulae 
are  applicable  to  every  point,  provided  we  introduce  into  the  ex- 
pression of  A'  the  actual  velocity  of  the  point.  This  velocity 
varies  directly  with  the  circumference  of  the  parallel  of  latitude, 
or  with  its  radius ;  and  this  radius  for  the  latitude  f  ia  p  cos  y', 
^'  being  the  geocentric  latitude  and  p  the  radius  of  the  earth  for 
that  latitude.  Hence  we  have  only  to  put  v'p  cos  ^'  for  v',  or 
k'p  cos  <p'  for  A:',  and  we  obtain  for  the  diurnal  aberration  in  right 
ascension  and  declination,  for  any  point  of  the  earth's  surface, 
the  formula 

a'  —  a  =  k'p  cos  f'  cos  (0  —  a)  seC  d  1      r({M^ 

d*  —  d  =z  A-'/o  COS  fp*  sin  (0  —  a)  sin  ^  j     ^       ^ 

It  only  remains  to  determine  A'.     For  this  purpose,  we  have, 
by  (679), 

_         a  2tz 

which,  if  T  is  the  length  of  the  sidereal  year  in  sidereal  days, 
gives  the  value  of  v  for  one  sidereal  day.  The  motion  of  a  point 
on  the  earth's  equator  in  one  sidereal  day  is  equal  to  the  circum- 
ference of  the  equator:  so  that,  if  a'  is  the  equatorial  radius,  we 
have  the  value  of  v'  referred  to  the  same  unit  as  v,  by  the 
formula 

l/=27ra' 

*  For  the  obgerver  is  moving  directly  from  the  west  point  of  his  horison,  which  is 
90^  of  right  ascension  in  advance  of  the  nadir ;  and  the  point  from  which  the  earth 
in  itB  annual  revolution  is  moving  is  90°  of  longitade  in  advance  of  the  sun. 
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whence 


t;  a 

But  if  we  put 

jp  =z  the  sun's  mean  horizontal  parallax, 
tve  have 

8in  »  =  — 
^       a 

and  hence  we  find 

or,  taking  Struvb's  value  of  A  =  20".4451,  Bessel's  value  of 
T=  366^.26637,  Enckb's  value  of  ;>  =  8".57116,  and  the  eccen- 
tricity  t  =  0.01677, 

A'=0".81112 

This  quantity  is  so  small  that  we  may  in  (684)  employ  cosf  for 
p  cosf^  Without  sensible  error;  and  hence  the  diurnal  fiberration 
may  be  found  by  the  formul» 

a'  —  a  =  0".311  cos  f  cos  (©  —  tt)  sec  ^  1    .^.. 

a'—  a  =  0".311  cos  ip  sin  (0  —  a) sin  d  ]   ^     ^ 

The  quantity  ©  —  a  is  the  hour  angle  of  the  star ;  whence  it 
follows  that  the  diurnal  aberration  in  right  ascension  for  a  star 
on  the  meridian,  is  +  0".311  cosy  sec  5  =  +  0'.0207  cosy  sec  J; 
and  the  diurnal  aberration  in  declination  is  then  zero. 

894.  The  illustration  given  in  Art.  388  applies  also  to  the 
diurnal  aberration.  In  one  sidereal  day  each  star  appears  to 
describe  a  small  ellipse  whose  major  axis  is  sin  A*' cos  f,  and 
minor  axis  sin  W  cos  ip  sin  ^,  the  radius  of  the  sphere  being  unitj'. 
For  an  observer  at  the  pole,  where  cos  f>  =  0,  this  ellipse  becomes 
a  point,  and  the  diurnal  aberration  disappears. 

395.  Thz  velocity  of  light. — The  constant  k  waa  determined  by 
Stbuvb  by  a  comparison  of  the  apparent  places  of  stars  at  differ- 
ent seasons  of  the  year,  and  not  from  the  known  velocity  of  light. 
We  can,  therefore,  determine  the  velocity  of  light  from  this 
constant.    We  have,  from  the  preceding  articles, 


T8ini)8in*|/(l~e>) 
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in  which,  if  we  take  v'  =  the  velocity  per  second  of  a  point  of 
the  earth'e  equator  resulting  from  the  diurnal  rotation,  Vwill 

be  the  velocity  of  light  per  second.     If,  then,  we  take  v'  =  — - 

we  have  the  following  formula  for  determining  the  velocity  of 
light  from  the  aberration  constant : 

V  = ^^ («86) 

nrsinp8inA:|/(l— e*)  ^      ^ 

This  will  give  the  velocity  in  one  sidereal  or  one  mean  second^ 
according  as  we  take  n  =  86400  or  n  =  86164,  the  number  of 
seconds  of  either  kind  in  a  sidereal  day.  With  Bbssbl's  value 
of  the  equatorial  radius,  Art.  80,  and  the  values  of  T,  |>,  *,  and 
e,  above  employed,  we  find 

in  one  sid.  second,      V=  191058  miles  =  307473000  metres; 
in  one  mean  second,  V=  191581  miles  =  308314000  metres. 

The  time  required  by  light  to  traverse  the  mean  distance  of 
the  earth  from  the  sun  is 


V  22C 

396.  Planetary  aberration. — ^When  the  observed  body  is  a  planet, 
and,  therefore,  in  motion  relatively  to  the  earth,  the  aberration 
above  considered  is  not  the  complete  aberration ;  but  we  must 
further  take  into  account  the  time  required  by  light  to  come 
from  the  planet  to  the  earth ;  for  in  this  time  the  planet  will 
have  sensibly  changed  its  place.  Let  us 
suppose  that  the  ray  of  light  which  reaches  ^  ^*'*^** 

the  telescope  at  the  time  i  left  the  planet 
at  the  time  T;  let  P  (Fig.  59)  be  the 
planet's  place  in  space  at  the  time  T,  and 
p  its  place  at  the  time  i;  A  the  place  of 
the  object-end  of  the  telescope  at  the  time 
Ty  a  its  place  at  the  time  <,  ab  the  direction 
of  the  axis  of  the  telescope  at  the  time  <, 
a'b'  the  position  of  the  axis  at  the  time  t'  when  the  light  reaches 
the  eye-end  of  the  telescope.     Then  it  is  evident  that 

Ist.  The  straight  line  AP  gives  the  true  direction  of  the  planet 

at  the  time  T; 
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2d.   The  straight  line  ap  gives  the  trae  direction  at  the  time  t; 

8d.  The  straight  line  ba  or  b'a'  gives  the  apparent  direction  at 
the  time  t  or  f  (the  difference  between  which  may  be  re- 
garded as  infinitely  small); 

4th.  The  straight  line  b'a  gives  the  apparent  direction  for  the 
time  t,  freed  from  the  aberration  of  the  fixed  stars. 

Now,  the  points  P,  a,  b'  lie  in  a  straight  line,  and  the  portions 
Pay  ah'  will  be  proportional  to  the  intervals  of  time  i  —  Tji'—i^ 
If  the  velocity  of  light  is  uniform.  In  consequence  of  the 
immense  velocity  of  light,  the  interval  V  —  T  will  always  be  so 
small  that  during  this  interval  we  may  suppose  the  motion  of 
the  earth  to  be  uniform  and  rectilinear ;  consequently,  that  A^  a, 
a'  also  lie  in  a  right  line,  and  the  portions  Aa,  aa'  are  also  pro- 
portional to  the  intervals  i  —  T^V  —  t  Hence  it  follows  that 
the  lines  AP  and  6'a'  are  parallel,  and,  therefore,  that  the  first 
place  is  identical  with  the  third ;  that  is,  that  ihz  true  place  at  ik 
time  Tis  identical  with  the  apparent  place  at  the  time  L 

The  time  t  —  Twill  be  the  product  of  the  distance  Pa  into 
497*.78,  which  is  the  time  in  which  light  describes  the  mean 
distance  of  the  earth  from  the  sun  (Art  396),  this  mean  distance 
being  taken  as  the  unit.  In  this  computation  we  may  take  for 
the  distance  either  Pa  or  PA  or  pa,  without  sensible  diflference 
in  the  resulting  value  of  t  —  T. 

Prom  these  principles  there  arise  three  methods  by  which  a 
planet's  (or  a  comet's)  apparent  place  may  be  found  from  the 
true  place  for  a  given  time  t : 

I.  From  the  given  time  t  we  subtract  the  time  required 
by  light  to  come  from  the  planet  to  the  earth.  We  thus 
obtain  the  reduced  time  T  for  which  the  true  place  is  iden- 
tical with  the  apparent  place  for  L 

n.  The  true  place  and  the  distance  being  known  for  the 
time  tj  we  compute  the  reduction  i  —  T.  Thus,  by  means 
of  the  diurnal  motion  of  the  planet  (in  longitude  and  lati- 
tude, or  in  right  ascension  and  declination)  we  can  reduce 
the  true  place  from  the  time  t  to  the  time  T;  and  the  true 
place  thus  found  is  the  apparent  place  at  the  time  L 

m.  The  true  place  of  the  planet  at  the  time  T  as  seen 
from  the  point  in  which  the  earth  is  situated  at  the  time  t 
(or  the  direction  aP)  is  computed,  to  which  is  apx*lied  the 
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aberration  of  the  fixed  stars,  and  the  result  is  the  apparent 
place  at  the  time  t* 

897.  K  a  and  d  are  the  true  right  ascension  and  decimation 
of  a  planet  or  comet  at  a  time  /,  a'  and  d'  the  apparent  values 
for  the  same  time,  r'  its  distance  from  the  earth,  the  mean  dis- 
tance of  the  earth  from  the  sun  being  unity,  Aa,  a^,  the  motion 
of  the  planet  in  right  ascension  and  declination  in  one  mean 
hour,  we  have,  according  to  the  method  11.  of  the  preceding 
article, 

a'~a  =  -r'rAa  | 

in  which 

jfe''  =  ^lhl2  log  k"  =  9.14073 

3600  ^ 

These  formulae  may  also  be  used  for  computing  the  sun's 
aberration  in  right  ascension  and  declination,  if  we  take  for  r' 
the  radius  vector  of  the  earth. 

HELIOCENTRIC  OR  ANNUAL  PARALLAX   OP  THE  FIXED   STARS. 


3.  The  heliocentric  parallax  of  a  star  is  the  diflference 
between  its  true  places  seen  from  the  earth  and  from  the  sun. 
If  the  orbit  of  the  earth  were  a  circle  with  a  radius  equal  to  the 
mean  distance  from  the  sun,  the  maximum  diflference  between 
the  heliocentric  and  geocentric  places  of  any  star  would  occur 
when  the  radius  vector  of  the  earth  was  at  right  angles  to  th« 
line  drawn  from  the  earth  to  the  star.  This  maximum  corre- 
sponds, then,  to  the  horizontal  geocentric  parallax;  and  its  effect 
upon  the  apparent  places  of  stars  might  be  investigated  by  the 
methods  followed  in  Chapter  IV. ;  but  we  prefer  to  employ  hero 
the  method  just  exhibited  in  the  investigation  of  the  aberration, 
on  account  of  the  analogy  in  the  resulting  formulae. 

We  shall  call  the  maximum  angle  subtended  by  the  mean 
distance  of  the  earth  from  the  sun,  at  the  distance  of  the  star, 
the  constant  of  annual  parallax  of  the  staVj  or,  simply,  its  annual 
farallax.    K  then  we  put 

*See  Gavbs,  Theoria  Motut  Corporum  Calestium,  Art.  71,  from  which  the  aboTe 
article  is  chiefly  extracted.  Also,  for  the  application  of  method  III.,  see  the  same 
work.  Art.  118,  et  teq. 
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p  =  the  annual  parallax, 

a  =  the  mean  distance  of  the  earth  from  the  son, 

J  =  the  distance  of  the  star  from  the  san, 


we  have 


Bin,>  =  - 


or,  if  we  take  a  =  1,  according  to  the  usual  practice,  we  have, 
for  so  small  a  quantity, 

p  =  — I —  (688) 

^       Jsinl"  ^     ^ 

To  find  the  heliocentric  parallax  of  a  star  in  longitude  and 


S99. 

Fig<60. 


latitude  at  a  given  time^  the  annual  parallax  being  given,-* 
Let  T(Fig.  60)  be  the  place  of  the  earth  in  its  orbit, 
S  that  of  the  sun.  Conceive  a  plane  to  be  passed 
through  the  line  HT  and  a  star  S;  the  intersection 
of  this  plane  with  the  plane  of  the  ecliptic  is  the  line 
HTy  which,  produced  to  the  celestial  sphere,  meets 
it  in  a  point  E  of  the  ecliptic  whose  longitude  is  the 
earth's  heliocentric  longitude,  or  180®  +  0  (putting 
O  for  the  geocentric  longitude  of  the  sun  at  the 
given  time).    If  then  we  also  put 


r  =  the  distance  of  the  earth  from  the  sun  at  the  given  time, 
*  =  the  angle  SHE, 
^'=   "      «      STE, 


the  triangle  iSHT  gives 


•or 


sin(*'— ^)  =  l.Bin*' 


*'  — *=|?rsin*' 


This  formula  corresponds  to  the  formula  (670)  for  the  aberra- 
tion reckoned  in  a  direction  from  a  point  {E)  of  the  ecliptic, 
only  in  the  present  case  this  point  is  in  longitude  180°  +  0, 
while  in  the  case  of  the  aberration  it  was  in  longitude  90°  +  0. 
The  formulfle  for  the  aberration  may  therefore  be  immediately 
applied  to  the  parallax  if  we  put  pr  for  k^  and  180°  +  Q  for 
90°  +  O,  or  90°  +  O  for  O.    We  thus  find,  by  (675)^ 


A'—  ;  =  — |>r  sin  (X  —  O)  sec  i? 
fi'—P  =  —pr  cos(A  —  O)  sin  fi 


}  m 
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400.  To  find  the  heliocentric  paraUax  of  a  star  in  right  ascension 
end  declination^  the  annual  parallax  being  given. — ^By  (678),  putting 
pr  for  ky  and  90°  +  ©  for  0,  we  have,  at  once. 


} 


a'  —  a  =  —  pr  sec  d  (cOB  Q  sin  a  —  sin  ©  cos  e  COB  a) 
d'  —  d  =  —  jpr  Bin  ©  (cos  e  sin  ^  sin  o  —  sin  c  cob  ^)  ^    (691) 

—  pr  cos  ©  sin  d  cos  a 

401.  It  can  be  shown  from  (690)  that,  neglecting  the  small 
variations  produced  by  the  ellipticity  of  the  earth's  orbit,  the 
effect  of  the  annual  parallax,  considered  alone,  is  to  cause  the 
star  to  appear  to  describe  a  small  ellipse  about  its  mean  place 
in  one  sidereal  year ;  an  effect  entirely  analogous  to  that  of  the 
annual  aberration,  Art.  888.  But  the  maximum  and  minimum 
of  parallax  occur  when  the  earth  is  90®  from  the  points  at  which 
the  maximum  and  minimum  of  aberration  occur:  so  that  the 
major  axes  of  the  parallax  and  aberration  ellipses  are  at  right 
angles  to  each  other.  The  combined  effect  of  both  aberratioS 
and  parallax  is  still  to  cause  the  star  to  describe  an  ellipse,  the 
major  axis  of  which  is  equal  to  the  hypothenuse.  of  a  right 
triangle,  of  which  the  two  legs  are  respectively  equal  to  the 
major  axes  of  the  two  ellipses.  For  this  combined  effect  is  ex- 
pressed by  the  following  formute  (taking  r  =  1  for  a  circular 

orbit): 

{X'  —  i)  =  —  [A:  COB  (©  —  ^)  —  jp  sin  (©  —  X)]  sec  fi 
09'-/?)  =  —  lk  Bin  (©  -  i)  +y  coB(©  —  X)-]  Bin  p 

which,  if  we  assume  c  and  f^  to  be  determined  by  the  conditions 

c  Hiny  =  kQin  X  —  p  cos  X 
c  oos]r  =^  k  C0& X  +  p  sm  A 
or 

c  sin  (X  ^ir)  =  p 

c  cos  (x  —/)  =  k 
become 

(X'  —  X)  =  -^c  cos  (©  —  f)  seep 
(P'—fi) c  sin  (©  —  r)  sin  p 

in  which  we  have  c  =  i/(A?  +  p^).    This  form  for  the  total  effect 
is  entirely  analogous  to  that  for  the  aberration  alone. 

MEAN  AND  APPAEENT  PLACES  OF  STARS. 

402.  The  formulse  above  given  enable  us  to  derive  the  appar* 
ent  from  the  mean  place,  or  the  mean  from  the  apparent  place ; 
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but  in  their  present  form  their  computation  is  exceedingly  trouble- 
some. We  owe  to  Besssl  a  very  simple  arrangement  by  which 
their  application  is  facilitated. 

In  all  catalogues  of  stars  the  mean  places  only  can  be  given, 
and  these  only  for  a  certain  epoch.  For  each  star  there  is  given 
also  the  annual  precession  in  right  ascension  and  declination :  so 
that  the  mean  place  for  any  time  after  or  before  the  epoch  of  the 
catalogue  is  readily  obtained,  as  in  the  example  of  Art.  374. 
But,  since  the  annual  precession  is  variable,  there  is  generally 
added  its  secular  variation^  which  is  the  variation  of  the  precession 
in  one  hundred  years.  Finally,  there  is  given  the  star's  proper 
motion. 

If  the  epoch  of  the  catalogue  is  i^y  and  the  mean  place  ia  re- 
quired for  the  time  U  and  we  denote  by 

p,  the  precession  for  the  epoch  t^ 
6,p,  its  secular  variation, 
fif  the  proper  motion, 

then,  since  in  computing  the  whole  precession  for  the  interval 
i  —  t^we  must  employ  the  annual  precession  for  the  middle  of 
the  interval,  the  reduction  of  the  mean  place  to  the  time  i 
will  be 

This  form  applies  both  to  the  right  ascension  and  the  declination.* 
In  this  way  the  mean  place  is  brought  up  to  the  beginning  of 
any  given  year.  If  then  we  wish  the  apparent  place  for  a  timer 
from  the  beginning  of  the  year,  r  being  expressed  in  fractional 
parts  of  the  year,  we  have  first  to  obtain  the  mean  place  for  the 
given  date  by  adding  the  precession  and  proper  motion  for  the 
interval  r,  and  then  the  apparent  place,  by  further  adding  the 
nutation  and  aberration.  Hence,  denoting  the  mean  right  ascen- 
sion and  declination  at  the  beginning  of  the  year  by  a  and  d,  the 
apparent  right  ascension  and  declination  for  the  given  time  r  by 

*  The  annual  proper  motions  being  also  rariable  (Art.  879),  it  would  seem  tiat  their 
yalues  given  for  the  epoch  of  the  catalogue  could  not  be  carried  forward  to  another 
time  without  correction.  But,  to  avoid  the  necessity  for  this  separate  correction,  it 
may  be  included  in  the  secular  variation  of  the  precession,  as  is  done  by  Aboilav- 
DSR  in  his  catalogue,  <*  DLX  Stellarum  Fizarum  Pontione*  Medm,  meunte  anno  1830." 
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a'  and  d\  tne  annual  proper  motions  in  right  ascension  and  de- 
clination by  [i  and  fx'y  we  have,  by  (663),  (668),  and  (678), 

«'  z=  a  4-  r  (fit  -h  n  sin  a  tan  d)  4-  r/£  (Precession  and  proper  motion.  { 

—  (15".8148  +  6".8660  sin  a  tan  <J)  sin  ft  for  1800 

16  .8821  6  .8682  IWO 

+  (  0  .1902  +  0  .0825  sin  a  Un  6)  sin  2ft 

—  (  0  .1872  +  0  .0818  sin  a  Un  6)  sin  2^ 
+  (  0  .0621  -f  0  .0270  sin  a  tan  d)  sin  (C  —  i") 

—  (  1  .1644  +  0  .5056  sin  a  tan  d)  sin  20 
+  (  0  .1178  +  0  .0609  sin  a  tan  d)  sin  (0  —  r) 

—  (  0  .0195  H-  0  .0085  sin  a  Un  d)  sin  (©  +  r)  )    (NuUtion.) 

—  9".2281  cos  a  tan  6  cos  ft  1800 

0   .2240  1000 

-f  0  .0897  cos  a  tan  d  cos  2  ft 

—  0\0886  cos  a  Un  d  cos  2(£ 
->-  0  .5610  cos  a  Un  d  cos  20 

—  0  .0098  cos  a  tan  d  cos(0  +  r) 

—  20".  4451  cos  e  cos  0  cos  a  sec  d  1  / . .         u      v 

—  20  .4451  sin  0  sin  a  sec  d  /  (Aberration.) 

d'  s=  d  -f  r .  n  cos  a  -f  r/  (Precession  and  proper  motion.) 

—  6''.8660  cos  a  sin  ft    +  9".2231  sin  a  cos  ft  for  1800 

0  .8682  0   .2240  1900 

-f  0  .0826  cos  a  sin  2  ft  —  0  .0897  sin  a  cos  2  ft 

—  0  .0813  cos  a  sin  2(^+0  .0886  sin  a  cos  2^ 
+  0  .0270  cos  tt  Bin  (C  -  r')  ]  (Nutation.) 

—  0  .5065  cos  a  sin  20  -f  0  .5510  sin  a  cos  20 
+  0  .0509  cos  a  sin  (0  —  F) 

—  0  .0085  cos  a  sin  (0  +  r)  +  0  .0093  sin  a  cos  (0  +  F) 

—  20^^4451  cos  e  cos  0  (Un  e  cos  d  —  sin  a  sin  d)  *! 

—  20  .4461  sin  0  cos  a  sin  d  /  (Aberration.) 

Kow,  it  is  to  be  remarked  that  the  two  numerical  coefficients  of 
sin  ft,  sin  2ft,  sin  23),  &c.  in  the  formula  for  a'  are  in  each 
case  very  nearly  in  the  ratio  of  m  to  n;*  and  hence,  if,  according 
to  the  method  of  Bessbl,  we  put 


6".8650  =  ni 

15".8148  =  m»  -\-h 

a  .8682 

u  xm. 

0.0825  =  m-' 

0  .1902  =  mi'  +  K 

0  .0813  =  ni" 

0  .1872  =  mi'   +  h" 

0.0270=nt"' 

0  .0621  =  mH"  +  h'" 

0  .5055  =  m* 

1  .1644  =  mt^  +  K' 

0  .0509  =  nf 

0  .1173  =  mi'  +  A' 

0  .0085  =  ni^ 

0  .0195  =  mi^   +  A" 

*  This  relation  is  not  accidental,  but  resnlU  from  the  general  theory  of  nnUtion, 
which,  the  student  will  remember,  is  only  the  periodical  part  of  the  precession. 
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we  shall  have 

•'=  •  +  [^  —  •  »in  JJ  +  rsin  2  JJ  —  rein  2C  +  •'"Bin  (C  —  r') 

—  fi^Bin  2©+  •"tBlnCQ-  r)-  i^Bin  (©  +r)]  [m  +  «  dn  a  tan  (J] 

—  [©".2281  COB  ft  —  a".0897  cob  2  ft  +  0".0886  oob  2C 

•  jaio 

+  0".6610  OOB  2  O  +  0".0098  oob  (Q  +  r)}  oob  a  tan  J 

—  20".  4451  COB  e  cob  0  oob  a  boo  d 

—  20  .4461  Bin  0  Bin  a  BOO  d 

—  A  Bin  ft  +  A'  Bin  2ft  —  A" Bin  2C+  A'^sin  (C—  r') 

—  A»^Bin  20  +  A^Bin  (0  —  r)  —  A^ain (0  +  r) 

and 

*'«=  ^  +  [^  —  •  Bin  ft  +  rain  2ft  —  f'ain  2C+  rain  (C—  r') 

—  ii^Bin  20  +  iVflin  (0  —  -T)—  i>iain(0  +  r)]  »  oob» 
+  [9".2281  OOB  ft  —  0".0897  coa  2  ft  +  0".0886  coa  2C 

0  0310 

+  0".6610  OOB  20  +  0".0098  coa  (0  +  r)]  ain  • 
-—  20".4451  COS  e  ooa  0  (Um  c  coa  d  --  ain  a  sin  d) 

—  20  .4461  Bin  0  ooa  a  ain  d 

Putting  then,  in  accordance  with  Bbssel's  original  notation, 
as  employed  in  the  American  Ephemeris  for  1865  and  subse- 
quent years, 

A=z       T  -  t  Bin  ft  4-  rain  2a  —  r'sin  2(C  +  T'sin  (C—  O 

—  i»'8m20  -f  i>8in(0  —  P)  —  t^ain  (  0  4.  r) 
^  =  —  9".  2231  008  ft  4.  0".0897  coa  2a  —  O-.OSSS  ooa  2<C 

0  .22W 

—  0".5510co8  2  0  —  0".0098  ooa  (0  -f  F) 
(7  =r  —  20^.4461  COB  e  coa  0 

i>  =  —  20  .4461  ain  0 

j&=  —  A  ain  ft  4-  A'  ain  2ft  —  A"  ain  2C  4-  *'"  ain  {C  —  ^) 

—  A»»  ain  20  4-  A'  ain  (0  —  r)  —  A^  ain  (0  4-  r) 

which  quantities  are  dependent  on  the  time,  and  are  wholly  inde- 
pendent of  the  star's  place ;  and  also 

a  =m  -\-  n  sin  a  tan  d  a'  =  n  cos  a 

b  =  cos  a  tan  d  b'  =  —  sin  a 

c  =  cos  a  sec  d  </  =  tan  t  cos  d  —  sin  a  sin  d 

d  =  sin  a  sec  d  d!  =  cos  a  sin  d 


REDUCTION  OF  STARS*    PLAOBS. 


649 


winch  depend  on  the  star's  place,  we  have 

a'=a  +  Aa  +  Bb  +  Cc  +  Dd  +  JE  +  Tft 
y=d  +  Aa'+Bb'+  C(/+Dd!+Tfi' 


}    (692) 


The  logarithms  of  -4,  JB,  C,  D  are  given  in  the  Ephemeris  for 
every  day  of  the  year.  The  residual  JS  never  exceeds  0".05,  and 
may  usually  be  omitted.  The  logarithms  of  a,  6,  c,  rf,  a',  6',  c',  d' 
are  usually  given  in  the  catalogues,  but  where  not  given  are 
readily  computed  by  the  above  formulae.  When  the  right  ascen- 
sion is  expressed  in  time,  the  values  of  a,  6,  c,  d,  above  given^ 
are  to  be  divided  by  16. 

403.  If  we  substitute  the  values  of  m  and  n,  namely, 


for  1800 

,    m  = 

46".0623 

n  = 

:  20".0607 

1900,    m  =  46  .0908                   n  =  20  .0521 

find  the  following  values  of  i,  i\  &c. : 

i 

f 

i* 

<" 

*» 

f 

i^ 

isoo 

1900 

0.84221 
0.84262 

0.00411 

0.00406 

0.00186 

0.02620 
0.02621 

0.00264 

0.00042 

h 

J*' 

1800 
1900 

+  0".062 
+  0.046 

+  0".004 
+  0".008 

and  A',  A",  A'",  A%  A^  inappreciable. 

The  terms  in  C  and  i^  in  the  expression  of -4  may  be  combined 
in  a  single  term ;  for,  patting 


^r^  have 


j  cos  J  =      (i' —  i^  cos  r 
j  iinJ——  (»'-|-  »^)  sin  T 


t"'  sin  (O  _  r)  —  i^  sin  (0  +  F)  =j  sin  (0  +  J) 


and  taking  for  1800,  r=  279°  80'  8";  and  for  1900,  r==  281* 
W  42",  we  find 


1800 
1900 


+  0.00294 
+  0.00293 


88°  10' 
81  55 
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Hence  the  values  of  A^  B^  and  ^may  be  expressed  as  follows: 

^  =  r  —  0.84221  sin  JJ     —  0.02620  sin  2 0  +  0.00294  Bin  (Q  +  88**  10^)  for  !«» 

0JI4262  0.002B8  81     W        «    IMO 

+  0.00411  sin  2  JJ  —  0.00405  sin  2(C  +  0.00135  sin  (([  —  r') 

B-    —  »".2281  COS  Q     —  0".5610  cos  2 0  —  0".0093  cos  (0  +  279*  80^"    1800 
0 .2210  an    u   *«    1900 

+  0  .0897  cos  2  S2  —  0  ^886  oos  2^ 

^=    —  0".052    BinJl     —  O".0O4    sin  20  "   1800 

0  jM6  0  .008  «     IMO 

These  values  agree  (within  quantities  practically  inappreciable) 
with  those  given  by  Dr.  Pbters  {Numerus  Gonstans  NuiatiaiuSy  pp. 
75,  76).  It  is  necessary  to  remark  that  in  the  British  Associa- 
tion Catalogue  and  the  British  Nautical  Almanac,  the  preceding 
values  of  C  and  D  are  denoted  by  A  and  By  and  vice  versa.* 
See  p.  94. 

404.  When  the  catalogue  does  not  give  the  logs  of  a,  6,  e,  &c., 
another  form  of  reduction,  also  proposed  by  Bessel,  may  some- 
times be  preferred.    By  putting 

f  =  mA+E  t  =  a  tan  « 

^  cos  6^  =  n-4.  hco8  B=  D 

g  &inG  =  B  A  sin  IT  =  C 

we  find 


a=a-\-f         -j-TAi-[-ysin  (G^  +  a)tan  *+A8in(J5r+o)seo* 
^'=  ^  + 1  co8^  +  TAi'-j-jfCOS  ((t  +  tt)  +h  cos(ir+o)  sin  d 


}  (692*) 


The  values  of/,  log  g^  (r,  log  A,  S",  log  f,  and  log  r  are  given  in 
the  Ephemeris  for  every  day  of  the  year. 

405.  A  star's  apparent  place  may  be  reduced  to  its  mean  place 
and  referred  to  the  mean  equinox  of  any  given  date  by  reversing 
the  signs  of  the  reductions  as  above  determined.  By  the 
apparent  place  of  a  star  we  here  mean  the  apparent  geocentric  place. 
The  observed  place  (that  seen  from  the  surface  of  the  earth)  differa 

*  This  interchange  of  letters,  most  nnneceflsarilj  introduced  bj  Bailt  in  the  Britidi 
Association  Catalogue,  produces  considerable  inconvenience,  as  in  most  of  the  Buo- 
pean  catalogues  of  stars  Bessel's  notation  is  preserved,  while  in  the  English  Almanac 
B^ily's  notation  is  followed.  In  the  American  Ephemeris  for  1865  and  snbeequent 
years  the  notation  of  Bessel  has  been  restored :  an  example  which  wUl  doubtless  be 
followed  bj  the  British  Almanac  at  an  early  day. 
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from  this  by  the  diurnal  aberration  and  the  refraction ;  but  the 
first  of  these  corrections  depends  on  the  latitude  of  the  observer 
and  the  star's  hour  angle,  and  the  second  upon  the  star's  zenith 
distance :  so  that  neither  of  them  can  be  brought  into  the  com- 
putation of  a  star's  position  until  the  place  of  observation  and 
the  local  time  are  given. 

406.  The  fictitious  year. — In  the  preceding  investigations,  we 
have  used  the  expression  "  beginning  of  the  year,"  without  giving 
it  a  definite  signification.  For  the  purpose  of  introducing 
uniformity  and  accuracy  in  the  reduction  of  stars'  places,  Bessbl 
proposed  a  Jictiiious  yeavj  to  begin  at  the  instant  when  the  sun's 
mean  longitude  is  280°.  This  instant  does  not  correspond  to 
the  beginning  of  the  tropical  year  on  the  meridian  of  Greenwich ; 
that  is,  the  (mean)  sun  is  not  at  this  instant  on  the  meridian  of 
Greenwich,  but  on  a  meridian  whose  distance  from  that  of 
Greenwich  can  always  be  determined  by  allowing  for  the  sun's 
mean  motion.  This  meridian  at  which  the  fictitious  year  begins 
will  vary  in  different  years;  but,  since  the  sun's  mean  right 
ascension  is  equal  to  his  mean  longitude  (Art.  41),  the  sidereal 
time  at  this  meridian  when  the  fictitious  year  begins  is  always 
18*  40"  (=  280°).  By  the  employment  of  this  epoch,  therefore, 
the  reckoning  of  sidereal  time  from  the  beginning  of  the  year  is 
simplified,  and,  accordingly,  it  is  now  generally  adopted  as  the 
epoch  of  the  catalogues  of  stars.  In  the  value  of  log  Ay  which 
involves  the  fraction  of  a  year  (r),  the  same  origin  of  time  must 
be  used ;  and  this  is  attended  to  in  the  computation  of  the  Ephe- 
merides,  which  now  give  not  only  the  logarithms  of  -4,  £,  C, 
and  D,  but  also  the  value  of  r  (or  its  logarithm)  reckoned  from 
the  beginning  of  the  fictitious  year  and  reduced  to  decimal  parts 
of  the  mean  tropical  year. 

For  all  the  purposes  of  reduction  of  modem  observations,  the 
computer  need  not  enter  further  into  this  subject,  and  may 
depend  upon  the  Ephemerides.*    But,  as  the  subject  is  inti- 

*  The  reduction  of  obseryations  made  between  1750  and  1850  will  be  most  con- 
yeniently  performed  bj  the  aid  of  the  Tabulte  Regiomontanm  of  Bbsskl.  The  con- 
dtants  used  bj  Bbssel  differ  materially  from  those  now  adopted  in  the  American  and 
British  Almanacs.  Professor  Hubbard  has  giyen  a  yery  simple  table  by  which  the 
Talues  of  log  A^  log  B^  log  (7,  and  log  D  as  giyen  in  the  Tab,  Reg.  may  be  reduced 
to  those  which  follow  fVom  the  use  of  Pbtbbs's  constants,  in  the  AitronamicalJoumalf 
Vol.  IV.  p.  142.     The  special  and  general  tables  for  the  reduction  of  stars'  places. 
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mately  connected  with  that  of  time  in  general,  I  shall  prosecute 
it  a  little  further. 

407.  The  surCs  mean  motion^  and  the  length  of  the  year. — ^Accord- 
ing to  Bbbbbl,*  the  sun's  mean  longitude  at  mean  noon  at  Paiia 
in  1800,  January  0,  is 

279^  54'  1".36 

and  the  sun's  sidereal  motion  in  865.25  mean  days  is 

860O  —  22".617656 

(By  January  0  is  denoted  the  noon  of  December  31  in  the  com- 
mon mode  of  expressing  the  date ;  and,  consequently,  Jan.  1,  2, 
&c.  denote  1  day,  2  days,  &c.  from  the  epoch,  while  in  the  com- 
mon mode  they  mean  the  beginning  of  the  1st  day,  2d  day,  &c.) 
The  sidereal  motion  is  referred  to  o,  fixed  point  of  the  ecliptic; 
but  the  mean  longitude  is  referred  to  the  moving  vernal  equinox. 
Hence  the  change  of  the  mean  longitude  in  any  time  is  the 
sidereal  motion  in  that  time  plus  the  general  precession;  and 
therefore,  adopting  here  Bbssel's  precession  constant^f  in  order 
to  follow  his  computations, 

Sid.  motion  in  366'.26    =  360^  —  22".617656 

General  precession  =  +  50  .22850    +  y\000244361f 

Mean  motion  in  365'.26  =  SGO^'  +  27  .605844  +  0  .00024486U 

And,  dividing  by  865.25, 

Mean  daUy  motion  =  59^  8".8302  +  0".0000006902t 

where  t  is  the  number  of  years  after  1800.  The  secular  change 
of  the  mean  motion,  expressed  by  the  second  term,  brings  with 
it  a  secular  change  of  the  length  of  the  tropical  year.     This  year 

giTen  in  the  Washington  Astronomical  Observation*^  YoL  III.,  Appendix  C,  are  elfle 
adapted  to  the  new  constants. 

For  the  reduction  of  obserrations  from  1850  to  1880,  the  Tab,  Reg.  have  been 
Gontinned  by  Wolvbbs  and  Zsch  (TabvUs  Reduetionum  Observationum  Asironomieantm 
Anms  1860  usque  ad  1880  rsspondentes,  auetors  J.  Ph.  Wolfses  :  Addiiss  swU,  ftMr 
Rsffiomontanss  annis  1860  usqus  ad  1860  respondsntss  ab  III.  Zboh  eoniinuatss,  Berlin. 
1860).  In  the  continuation  by  ZaoH,  which  extends  from  1860  to  1860,  all  Um 
constants  are  the  same  as  those  used  by  Bbssbl  ;  in  the  continuation  by  Woursas, 
from  1860  to  1880,  Bbssxl's  precession  constant  is  retained,  but  Pbtxes's  nutadoa 
constant  is  adopted. 

•  Astron.  Nock,,  No.  188.  f  Ibid. 
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is  the  time  in  which  the  sun  changes  his  mean  longitude  exactly 
860°,  and  is,  therefore,  found  by  dividing  360  by  the  mean  daily 
motion :  thus,  if  we  put 

Y  =  the  length  of  the  tropical  year  in  mean  solar  days, 

we  find 

r==  865f  242220027  —  0^.00000006886 1 

where  the  value  of  the  second  term  for  t  =  100  is  0*.595,  which 
is  the  diminution  of  the  length  of  the  tropical  year  in  a  century. 
The  length  of  the  sidereal  year  is  invariable,  and  is  readily 
found  by  adding  to  865.25  the  time  required  by  the  sun  to  move 
through  22".617656  at  the  rate  of  his  sidereal  motion;  or,  putting 

T'=  the  length  of  the  sidereal  year, 

by  the  proportion 

360O  —  22".617656 :  360<>  =  365'.25 :  F 

which  gives 

T'  =  365.256374416  mean  solar  days, 
=  366.256874416  sidereal  days. 

408.  The  epoch  of  the  sun's  mean  longitude. — This  term  denotes 
the  instant  at  which  the  common  year  begins.  The  value  of  the 
longitude  itself  at  this  instant  is  frequently  called  "the  epoch," 
and  is  denoted  by  E.  Its  value  for  January  0  of  any  year, 
1800  +  iy  is  found  by  adding  the  motion  in  365  days  for  each 
year  not  a  leap  year,  and  the  motion  in  366  days  for  each  leap 
year.  The  motion  in  365  days  is  found  from  the  above  value 
for  365.25  days  by  deducting  one-fourth  the  mean  daily  motion, 
or  14'47".083:  so  that,  if/ denotes  the  remainder  after  the 
division  of  t  by  4,  we  have,  for  the  epoch  of  1800  +  <,  Jan.  0,  at 
Paris, 

^=279''  54'  r.36  +  27".605844f  +  0".0001221805t« 

—  (14'  47".083)/  (693) 

To  extend  this  formula  to  years  preceding  1800,  we  must  put 
/—  4  in  the  place  of/;  so  that  the  multiplier  of  (--.  14'  47''.083) 
will  be,  for  example,  —  1,  —  2,  —  3,  —  4,  —  1,  &c.  for  the  years 
1799,  *98,  '97,  '96,  '95,  &c.    But  these  rules  for  /  will  give  the 
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mean  longitude  at  the  beginning  of  the  leap  years  too  great  by 
the  motion  in  one  day  (since  the  additional  day  is  not  added  until 
the  end  of  February) ;  and  therefore  the  epoch  for  these  years 
is  January  1  instead  of  January  0.  A  general  table  containing 
the  mean  longitude  at  mean  noon  for  every  day  of  the  year, 
computed  from  the  mean  longitude  for  Jan.  0  by  the  formula, 
will  be  applicable  to  leap  years  if  in  the  months  of  January  and 
February  we  increase  the  argument  of  the  table  by  one  day,  as 
in  Table  VL  of  the  Tab.  Beg. 

409.  To  find  the  beginning  of  the  fictitious  year. — ^Denoting  the 
mean  time  from  the  beginning  of  the  fictitious  year  to  Jan.  0  of 
any  year  by  A,  we  have 

E  —  280'^ 

k  = 

mean  daily  motion 

whence,  taking  the  daily  motion  =  69'  8".8302,  we  find,  in  deci- 
mals parts  of  a  mean  day, 

*=  —  0.10107289  +  0.0077799535 1 

—  i/     +  0.000000034433 1^ 

The  quantity  k  is  evidently  equal  to  the  east  longitude  from 
Paris  of  that  terrestrial  meridian  on  which  the  fictitious  year 
begins  (Art.  406). 

410.  In  the  TabulcB  Begiomontance  the  argument  is  the  reduM 
date  as  it  would  be  reckoned  at  the  meridian  in  the  east  longitude 
ky  the  beginning  of  the  fictitious  year  being  always  denoted  by 
January  0.  If  then  d  is  the  west  longitude  from  Paris  of  any 
place,  the  instant  of  mean  noon  at  this  place  corresponds  to  the 
instant  k  +  d  ot  the  fictitious  meridian,  and  therefore  k  +  dvi 
the  reduction  to  apply  to  the  mean  time  at  the  place  to  obtain 
the  argument  with  which  to  enter  those  tables. 

But,  if  the  sidereal  time  at  the  place  d  is  given,  it  is  most  ex- 
pedient to  reckon  the  time  at  once  in  sidereal  days  from  the 
beginning  of  the  fictitious  year.  Accordingly,  in  the  tables  con- 
taining the  values  of  log  -4,  log  JB,  &c.  for  the  reduction  of  stars, 
the  argument  is  the  sidereal  date  at  the  fictitious  meridian.  To 
obtain  this  date,  it  is  to  be  observed,  first,  that  the  tables  are  im- 
mediately available  on  the  fictitious  meridian  for  the  sidereal 
time  18*  40",  without  any  reduction  of  the  date.    For  any  other 
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meridian,  at  the  sidereal  time  18*  40"  the  argument  of  the  table 
will  be  the  reduced  date ;  but  at  any  other  sidereal  time  g  the 
argument  must  be  this  reduced  date  increased  by 

24» 

which  must  be  always  taken  <  1  and  positive ;  or  by  the  quantity 

j7  +  5*2(y> 
^  24* 

omitting  one  whole  day  if  ^  +  5*  20"  >  24*.  Now,  in  order  that 
the  local  date  may  correspond  with  that  supposed  in  the  tables, 
the  day  must  be  supposed  to  begin  at  the  instant  when  that  point 
is  on  the  meridian  whose  right  ascension  is  18*  40".  Therefore, 
whenever  the  right  ascension  of  the  sun  is  as  great  as  18*  40", 
80  that  the  point  in  question  culminates  before  the  sun,  one  day 
must  be  added  to  the  common  reckoning.  Hence  the  formula 
for  preparing  the  argument  of  the  tables  will  be 

Argument  =  Keduced  date  +  ^'  +  U 

in  which  we  must  take  e  =  0  from  the  beginning  of  the  year 
to  the  time  when  the  sun's  R.  A.  =  g,  and  i  ==  +  1  after  this 
time. 

The  values  of  g'  are  given  on  p.  16  of  the  Tab.  Reg.  for  given 
values  of  g.     The  values  of  k  are  given  in  Table  I. 

The  values  of  log  -4,  log  £,  log  C,  log  D  are  also  given  in  the 
Berlin  Jahrbuch  for  the  fictitious  date ;  and  the  constants  of  pre- 
cession, nutation,  and  aberration  are  the  same  as  those  employed 
by  Bessel  in  the  Tab.  Reg. 

411.  Conversion  of  mean  into  sidereal  timey  and  vice  versa. — ^In  the 
explanation  of  this  subject  in  Chapter  EC.  we  said  nothing  of  the 
effect  of  nutation,  which  we  will  now  consider.  Let  us  go  back 
to  the  definitions  and  state  them  more  precisely. 

Ist.  The  first  mean  sun,  which  may  be  denoted  by  O^,  moves 
uniformly  in  the  ecliptic,  returning  to  the  perigee  with  the  true 
sun.  The  longitude  of  this  fictitious  sun  referred  to  the  mean 
equinox  is  called  the  sun's  mean  longitude. 

2d.  The  second  mean  sun,  which  may  be  denoted  by  ©j,  moves 
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uniformly  in  the  equator,  returning  to  llie  mean  equinox  with  the 
first  mean  sun. 

8d.  The  sidereal  day  begins  with  the  transit  of  the  true  equi* 
nox ;  and  the  sidereal  time  is  the  hour  angle  of  the  true  equinox. 

Hence  it  follows  that 

the  mean  R.  A.  of  ©,  =  the  mean  long,  of  ©  j  =  the  sun'a 
mean  longitude; 

and  since  when  O,  is  on  the  meridian,  its  R.  A.  reckoned  from 
the  true  equinox  is  also  the  hour  angle  of  the  true  equinox,  it 
also  follows  that 

Fq  =  the  sidereal  time  at  mean  noon. 
=  true  R.  A.  of©, 

=  mean  R.  A.  of  ©,  +  nutation  of  the  equinox  in  R.  A. 
=  sun's  mean  longitude  -{-  nutation  of  the  equinox  in  R.  A. 

The  nutation  of  the  equinox  in  R,  A.  is  found  from  the  first 
equation  on  p.  626  by  putting  a  =  0,  *  =  0,  whence 

nutation  of  equinox  in  R.  A.  =  ^X  cob  e 

which  is  the  quantity  given  in  the  Nautical  Almanac  as  the 
"equation  of  the  equinoxes  in  right  ascension." 

Since  the  nutation  is  contained  in  the  value  of  Vq  given  in  the 
Almanac  for  each  mean  noon,  no  further  attention  to  it  is  needed 
when  that  work  is  consulted ;  and  the  rules  given  in  Chapter  IL 
are  therefore  practically  complete. 

For  the  conversion  of  time  between  1760  and  1860,  the  7b4., 
JReg.  furnish  the  following  facilities : — Table  VI.  gives  the  right 
ascension  of  the  second  mean  sun,  corrected  for  the  solar  nuta* 
tion  of  the  equinox,  for  every  mean  noon  at  the  fictitious  meri- 
dian k.  Since  the  fictitious  year  slways  begins  with  the  same 
mean  longitude  of  the  sun  (or  right  ascension  of  0^,  the  num- 
bers of  this  table  are  general,  and  may  be  used  for  every  year. 
The  number  taken  from  this  table  for  any  given  date  (which 
must  be  the  reduced  date  above  explained)  are  then  corrected  for 
the  lunar  nutation  of  the  equinox  in  right  ascension,  which  is 
given  in  Table  IV.  for  all  dates  between  1760  and  1860.  We 
thus  obtain  the  sidereal  time  at  mean  noon  (=  VJ,)  at  the  fictitious 
meridian  on  the  given  day.  Any  given  mean  time  at  another 
meridian  is  then  converted  into  the  corresponding  sidereal  time. 
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or  vice  vtrsa^  according  to  the  rules  in  Chapter  11.,  employing  the 
Fp  for  the  fictitious  meridian  precisely  as  it  was  there  employed 
for  the  meridian  of  Greenwich. — The  longitude  of  the  place  to 
be  used  here  \sk  -{■  d^d  being  the  west  longitude  of  the  place 
from  Paris,  and  k  the  east  longitude  of  the  fictitious  meridian 
from  Paris  given  in  Table  I. 


REDUCTION  OP  THE  APPARENT  PLACE  OP  A  PLANET  OR  COMET. 

412.  The  observed  place  of  a  planet  (or  comet)  being  freed 
from  the  effect  of  refraction,  diurnal  aberration,  and  geocentric 
parallax,  we  have  the  apparent  geocentric  place,  referred  to  the 
true  equator  and  equinox  of  the  time  of  observation,  and  affected 
by  the  planetary  aberration.  For  the  calculation  of  a  planet's 
orbit  from  three  or  more  observations  at  different  times,  it  is 
necessary  to  refer  its  places  at  these  times  to  the  same  common 
fixed  planes,  which  is  most  readily  effected  by  reducing  all  the 
places  to  the  equinox  of  the  beginning  of  the  year  in  which  the 
observations  are  made,  or,  when  the  observations  extend  beyond 
one  year,  to  the  beginning  of  any  assumed  year.  To  effect  this, 
we  must  apply  to  each  apparent  geocentric  place — 1st.  The  aber- 
ration (687),  with  its  sign  reversed,  in  computing  which  the  posi- 
tion of  the  observer  on  the  surface  of  the  earth  may  be  con* 
sidered  by  taking  r'  equal  to  the  actual  distance  of  the  planet 
from  the  observer  at  the  time  of  observation.  This  distance  id 
found  from  the  geocentric  distance  at  the  same  time  with  the 
parallax,  by  the  equation  (137). 

2d.  The  nutation  for  the  date  of  the  observation,  with  its 
sign  reversed. 

3d.  The  precession  from  the  date  of  the  observation  to  the 
assumed  epoch,  which  will  be  subtracted  or  added  according  as 
the  epoch  precedes  or  follows  the  date. 

But  the  nutation  and  precession  are  most  conveniently  com- 
puted together  by  the  aid  of  the  constants  A  and  B  used  for  the 
fixed  stars.  These  constants  being  taken  for  the  date,  a,  6,  a'/ 
and  V  are  to  be  computed  as  in  Art.  402,  with  the  right  ascen- 
sion and  declination  of  the  planet ;  and  then  to  the  a  and  8^ 
already  corrected  for  aberration,  we  apply  the  corrections  —  {Aa 
+  Bb)  and  —  {Aa'  +  Bb')  respectively.  The  place  thus  obtained 
is  the  true  place  of  the  planet  referred  to  the  mean  equinox  of  the 
beginning  of  the  year.     If  the  several  observations  are  in  different 
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years,  they  are  then  to  be  reduced  to  the  same  epoch  by  shnply 
applying  the  annual  precession,  c  being  the  annual  precession  in 
right  ascension,  and  c'  that  in  declination. 
■  When  the  distance  of  the  planet  is  not  known,  the  aberration 
is  taken  into  account  by  Method  m.  of  Art.  396 ;  but  the  details 
of  this  subject  belong  to  the  computation  of  orbits,  which  is  re- 
served for  Physical  Astronomy, — See  Gauss,  Theor.  Mot,  Oorf* 
Ooel.y  Art.  118  et  aeq. 


CHAPTER   XII. 


DETERMINATION  OP  THE  OBLIQUITY  OF  THE  ECLIPTIC  AND  THE 
ABSOLUTE  RIGHT  ASCENSIONS  AND  DECLINATIONS  OF  STARS  BY 
OBSERVATION. 

418.  The  most  obvious  method  of  finding  the  obliquity  of  the 
ecliptic  is  to  measure  the  sun's  apparent  declination  at  either  the 
northern  or  the  southern  solstice ;  for  at  these  points,  assuming 
the  sun  to  be  exactly  in  the  ecliptic,  the  declination  is  equal  to 
the  obliquity.  Indeed,  without  any  reference  to  the  sun's  abso- 
lute declination,  a  rude  approximate  value  of  the  obliquity  is  at 
once  derived  by  taking  one-half  of  the  difference  of  the  meridian 
altitudes  of  the  sun  on  the  21st  of  June  and  the  21st  of  December. 
Upon  this  principle  the  ancients  succeeded  in  measuring  the 
obliquity  by  observing  the  greatest  and  least  lengths  of  the 
meridian  shadow  of  a  gnomon. 

414.  In  what  follows,  we  suppose  the  sun's  declination  to  be 
observed.  This  is  obtained  from  the  true  meridian  zenith  dis- 
tance (Z)  of  the  sun's  centre,  and  the  known  latitude  of  the  place 
of  observation  (y>),  by  the  formula* 

^  =  f  —  C 

*  The  flign  of  (  is  to  be  changed  when  the  sun  is  north  of  the  venith  of  the 
obBerrer. 
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415.  Now,  the  sun's  declination  is  equal  to  the  obliquity  only 
when  it  has  reached  its  maximum  (northern  or  southern)  limit, 
that  is,  precisely  at  the  solstitial  points.  But,  since  the  sun  will, 
in  general,  not  arrive  at  the  solstice  at  the  same  time  that  it 
culminates  at  the  particular  meridian  at  which  the  observation  is 
made,  we  cannot  directly  measure  this  maximum  by  meridian 
observations.  But  we  can  measure  the  declination  at  several 
successive  transits  near  the  solstice,  and  then  by  interpolation 
infer  the  maximum  value.  A  simpler  practical  process  (which 
we  shall  explain  fully  below)  is  to  reduce  each  observation  to  the 
solstice ;  but  this  requires  us  to  know  (at  least  approximately) 
the  iime  when  the  sun  arrives  at  the  solstice,  and  this,  again, 
supposes  a  knowledge  of  the  position  of  the  equinoctial  points, 
which  are  90°  distant  from  the  solstitial  poijits. 

The  position  of  the  equinoctial  points  may  be  determined  by 
observing  the  suri*s  declination  on  several  successive  days  near 
the  time  of  the  equinoxes,  and,  by  interpolation,  finding  the  time 
when  the  declination  is  zero.  At  the  same  time,  a  comparison 
must  be  made  between  the  times  of  transit  of  the  sun  and  some 
star,  adopted  as  b,  fundamental  stSLY :  so  that  the  distance  of  the 
star  from  the  equinoctial  point,  or  its  right  ascension,  is  fixed. 
We  may  then  regard  the  star  as  a  fixed  point  of  comparison  by 
which  the  instants  when  the  sun  arrives  at  any  given  points  (as 
the  solstices)  may  be  determined.  But,  instead  of  finding  the 
equinoctial  points  by  a  direct  interpolation,  it  is  preferable  in 
this  case  also  to  refer  each  observation  to  the  equinox,  which,  as 
will  be  seen  below,  requires  an  approximate  knowledge  of  the 
obliquity  of  the  ecliptic. 

The  determination  of  these  two  elements,  the  obliquity  of  the 
ecliptic  and  the  position  of  the  equinoctial  points,  is,  therefore, 
effected  by  successive  approximations ;  but,  in  the  actual  state 
of  astronomy,  the  approximations  are  already  so  far  carried  out 
that  the  remaining  error  in  either  element  can  be  treated  as  a 
diflferential  which,  by  a  judicious  arrangement  of  the  observations, 
produces  only  insensible  errors  of  a  higher  order  in  the  other 
element.  I  proceed  to  treat  fully  of  the  precise  practical 
methods. 

416.  Determination  of  the  obliquity  of  the  ecliptic. — ^Let  D  be  the 
sun's  apparent  declination  derived  from  an  observation  near  the 
solstice ;  A  its  apparent  right  ascension  at  the  time  of  the  obser- 
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vation,  derived  from  the  solar  tables ;  e  the  apparent  obliquity 
of  the  ecliptic  for  the  same  time.  If  the  snn  were  exactly  in 
the  ecliptic,  we  should  have,  by  (34), 

sin  A  tan  c  =  tan  D 

but  accuracy  requires  that  the  sun's  latitude,  /9,  should  be  taken 
Into  account    We  have,  by  (29), 

yv      .  .J  sin  /9 

can  D  —  tan  esm  A  = 


cos  D  cos  t 
which,  if  we  put 

tan  D'  =  tan  c  sin  A  (694) 

becomes 

X       7^      A       T^,      sin(D  — D')            sin/9 
tan  D  —  tan  D'  =       ^  ^ — 


cos  D  cos  B'      cos  D  cos  e 

whence,  with  sufficient  accuracy,  since  j9  never  exceeds  1", 

D  —  D'=  p  sec  e  cosD  (695) 

Hence,  if  the  correction  ^SsececosD  is  subtracted  from  the 
given  declination  i),  we  shall  obtain  the  reduced  declination  D^ 
from  which,  by  (694),  we  can  deduce  e.  It  is  evident  that  U  is 
the  declination  of  the  point  in  which  the  ecliptic  is  intersected 
by  the  declination  circle  drawn  through  the  sun's  centre,  ami 
we  may  call  the  quantity  j9  sec  e  cos  D  the  reduction  to  theecliptie. 
Near  the  solstices,  however,  this  reduction  does  not  senflibly 
diffei?  from  )9,  since  cos  e  and  cos  D  are  then  very  nearly  equal. 
We  shall,  therefore,  in  the  present  problem,  find  the  reduced 
declination  by  the  formula  D'  =  D  —  j9 ;  and  then  we  have,  by 
(694), 

tan  e  =  tan  D'  cosec  A 


Instead  of  computing  e  from  this  equation  directly,  it  is  usual 
to  employ  its  development  in  series  by  which  the  difference  of 
e  and  D'  is  obtained.  For,  since  A  near  the  northern  solstice  is 
nearly  90°,  if  we  put 

ti  =  90°  —  il 

u  will  be  a  small  angle  whose  cosine  and  secant  will  not  differ 
much  from  unity,  and  the  equation  (696),  expressed  in  the  fono 
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tan  D'  =  tan  c  cos  w,  will  be  developed  in  the  series  [PL  Trig., 
Art  254] 

D'  —  €  =  J  sin  2 €  -|-  }  j'  sin  4  e  -f-  }  j"  sin  6 c  -f  Ac. 

in  which 

cos  tt  —  1  ^     , . 

q  = — -  =  — tan'Jti  . 

cos  u  +  1 

and  the  terms  of  the  series  are  expressed  in  arc.    Reducing  to 
seconds,  and  putting 

X  =  the  reduction  to  the  solstice, 

or 

tan* \u   .    «         tan* \u   ,     .      .    .  .^^^^ 

X  =  -T-ijr  sm  2 1  —  —7^;  sin  4c  +  &o.  (697) 

sin  1"  2  sin  1"  ^      ^ 

we  have,  at  the  northern  solstice^ 

€  =  D'+x=D—p  +  x  (698) 

The  reduction  x  can  be  tabulated,  for  any  assumed  value  of  c, 
with  the  argument  u.  The  changes  of  the  tabular  numbers 
depending  on  a  change  of  the  obliquity  may  also  be  given  in  the 
table :  so  that  these  numbers  may  be  readily  made  to  correspond 
to  any  assumed  obliquity. 

For  the  southern  solstice,  we  take  w  =  270°  — j1,  and  the 
equation  (696)  will  give  tan  JO'  =  —  tan  e  cos  u^  the  development 
of  which  gives  the  algebraic  sum  jy  +  e;  but  we  can  avoid  the 
use  of  two  formulie  by  throwing  this  change  of  sign  upon  e, 
regarding  the  obliquity  obtained  from  the  southern  solstice  as 
negative,  during  the  computation.  This  simply  changes  the  sign 
of  the  reduction  x. 

417.  Let  us  now  inquire  what  effect  an  error  in  the  right 
ascensions  taken  from  the  tables,  or  in  u,  will  produce  in  the 
computed  value  of  e.  Differentiating  the  equation  (696)  with 
reference  to  e  and  A  =  ±  90°  —  w,  we  find 

de  =  i  tAnu  sin  2c  du 

If  we  suppose  the  error  in  the  tabular  right  ascension  of  the 
sun  to  be  in  any  case  as  great  as  one  second  of  time  (the  actual 
probable  error,  however,  being  much  less),  and,  therefore,  sub- 
stitute in  this  equation  du  =  15",  e  =  23°  27'.5,  we  find 

de  =  5".48  tan  u 
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For  u  =  10°,  this  gives  de  =  0".97.  The  sun's  motion  bein| 
about  1°  per  day,  we  shall  have  u  <  10®  for  observations  within 
ten  days  of  the  solstice,  and  the  error  in  the  computed  obliquity 
less  than  1",  even  if  the  error  in  the  right  ascensions  is  as  greaf 
as  15".  But  this  error  will  be  wholly  eliminated  if  observation? 
equidistant  from  the  solstice  preceding  and  following  it  are  com. 
bined;  for  then  w,  and  consequently  also  rfc,  will  have  equal 
numerical  values  with  opposite  signs,  ^nd  the  errors  will  destroy 
each  other  in  the  mean. 

418.  The  mean  of  the  values  of  the  obliquity  found  from  a 
number  of  observations,  preceding  and  following  the  solstice 
and  symmetrically  disposed,  will,  therefore,  be  taken  as  the 
value  of  the  obliquity  at  the  time  of  the  solstice,  free  from  errors 
in  the  right  ascension,  and  affected  only  by  the  unavoidable 
errors  of  observation  and  by  any  errors  that  may  exist  in  the 
refraction  and  parallax  or  in  the  latitude  of  the  place  of  observa- 
tion. The  error  in  the  latitude  is  eliminated  by  taking  the  mean 
of  the  values  of  the  obliquity  found  at  the  northern  and  the 
southern  solstices.  The  error  of  the  refraction  tables  will  at  the 
same  time  be  partially  eliminated ;  but  not  wholly,  since  these 
errors  have  probably  different  values  at  zenith  distances  differing 
so  much  as  47°  ;  but  a  sensible  error  in  the  mean  resulting  from 
any  probable  error  in  the  present  value  of  the  solar  parallax  is 
not  to  be  feared. 

Before  taking  the  mean,  however,  it  is  proper  to  deduct  from 
each  value  the  nutation  of  the  obliquity  (Ae,  Art.  381),  for  the 
times  of  the  two  solstices  respectively,  whereby  we  obtain  the 
mean  obliquity;  and  then  to  reduce  this  to  the  same  fixed  epoch, 
as  the  beginning  of  the  year,  by  allowing  for  the  annual  decrease. 
The  value  of  this  annual  decrease  adopted  in  (646)  is  0".4738; 
but  this  value  was  deduced  by  Peters  from  theory,  while  the 
value  derived  directly  from  observations  at  distant  periods  is, 
according  to  Bessel,  0".457,  and,  according  to  Peters,  0".4645' 

In  combining  a  number  of  determinations  made  at  the  same 
place  in  different  years,  it  is  not  indispensable  that  there  should 
be  observations  at  both  solstices  in  every  year,  provided  there 
are  in  all  as  many  determinations  at  the  northern  as  at  the 
southern  solstice. 

419.  Example. — ^Find  the  obliquity  of  the  ecliptic  fi^m  the 
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following  apparent  declinations  of  the  8un*s  centre,  observed  at 
the  Washington  Observatory  by  Professor  Copfin  and  Lieutenant 
Page,  with  the  mural  circle. 


1846. 

D 

1846. 

/> 

June  16 

23»  21'  56".02 

December  14 

—  28«  14'  17".26 

«    19 

26  28  .19 

«        16 

17  38  .82 

"    20 

27     6.79 

«        16 

20  22  .94 

«    28 

26  39  .92 

«        18 

24  32  .69 

«    27 

20  17  .84 

«        21 

27  20.43 

«        22 

27  19  .64 

«        23 

26  49  .82 

«        29 

14     1  .20 

Taking  5*  8*  11*. 2  as  the  longitude  of  Washington  from  Green- 
wich, we  find,  for  apparent  noon  at  Washington,  the  following 
values  of  the  sun's  right  ascension  and  latitude  from  the  Nautical 
Almanac : 


1840. 

A 

^ 

1848. 

A 

^ 

June  16 

6*88- 87M8 

^CMS 

December  14 

17*26«62».78 

+  0".86 

**     19 

6  51     5.77 

—  0.19 

"        16 

17   81    18.48 

+  0.46 

««    20 

5  56   15.44 

—  0.82 

16 

17  86    44.88 

+  0.67 

"    28 

6     7   44.44 

—  0.63 

18 

17  44    86.91 

+  0  .72 

"    27 

6  24  22.00 

—  0.72 

21 

17  67    66.69 

+  0.70 

M        22 

18     2    28.89 

+  0.64 

28 

18     6    60.09 

+  0.60 

29 

18  88    28.11 

—  0.19 

Supposing  no  tables  of  the  reduction  at  hand,  let  us  first 
reduce  the  observations  at  the  summer  solstice  by  the  original 
equation  (696).  Subtracting  ^  from  the  observed  values  of  i>, 
we  then  have 


ly 

\og\Kaiy 

10gC08«C  A 

log  tan  c 

< 

June  16 

230  21'  55".84 

9.6866081 

0.0018927 

9.6874008 

28«>  27'  28".61 

"    19 

26  28  .88 

.6870823 

03278 

4101 

26  .22 

"    20 

27     7  .11 

.6378066 

00980 

8986 

28  .28 

"     23 

26  40.56 

.6371524 

02478 

4002 

28  .61 

•«    27 

.    20  18  .56 

.6349462 

24692 

4044 

24  .26 

Apparent  obliquity  =  23    27  28  .06 
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For  the  sake  of  comparison,  I  add  the  results  of  the  computar 
tion  by  the  series  (697),  which,  however,  will  be  far  less  con- 
venient  than  the  above  direct  computation,  unless  a  table  of  the 
reduction  is  used. 


« 

D 

Red.toMtotle6. 

Bed.  for 
0UL 

c 

June  16 

+  27«22'.87 

28*>2r66".02 

+  6'  27".77 

—  0".18 

280  27'  28".61 

"    19 

4-   8    64.23 

26  28  .19 

0  66.84 

+  0.19 

26.22 

"    20 

-h   4    44.66 

27    6  .79 

0  16  .18 

+  0.82 

28.24 

"    28 

—   7   44.44 

26  89  .92 

0  42.96 

+  0.68 

28.51 

*•    27 

-24   22.00 

20  17  M 

7     6.69 

+  0.72 

24.25 

Apparent  obliqiiitj  =  28    27  28  .96 
Nutation*  =         +8.24 

Reduction  to  Jan.  0.  1846  =  0".4646  X  0.469  = +0.22 

Mean  obliquity  1846.0  =  28    27  82  .42 

In  the  same  manner,  for  the  southern  solstice  we  have : 


u 

D 

RacLtoMbtioe. 

Red.  for 

01at. 

.      1 

Deo.  14 

+  88-   7'.27 

—  28<»  14'  17".26 

—  18'    6^.48 

—  0".86 

28«>  27'  24".09  | 

"    16 

+  28   41.67 

17  88  .82 

9  60  .24 

—  0.46 

24  .52  i 

"    16 

+  24   16.62 

20  22  .94 

7     1  .98 

—  0.67 

26.49  1 

"    18 

+  16  28.09 

24  82  .69 

2  49  .70 

—  0.  72 

28.11 

*    21 

+   2     8.81 

27  20  .48 

0    8.08 

—  0.70 

24.16 

a     22 

—   2   28.89 

27  19  .64 

0    4.09 

-0.64 

24.87 

"    28 

-   6   60.09 

26  49  .82 

0  88  .49 

—  0.60 

28.81 

«    29 

—  88   28.11 

14    1.20 

18  28  .06 

+  0.19 

24.06 

Apparent  obliquity  =28  27  24  .20 

Nutation  =  +8.98 

Reduction  to  Jan.  0.  1846  =  0".4646  X  0.971  =  +0.46 

Mean  obliquity  1846.0  =28  27  88  .68 

The  results  from  the  two  solstices  being  combined  in  order  to 


*  The  nutation  for  1846  is  found  by  the  formula  (Art.  881) 

Ae  =  9".2285  cos  ft  —  0".0897  cos  2Q  +  0".0886  cos  2C 

+  0  .6609  cos  20  +  0  .0093  cos  (Q  +  ^) 

For  the  northern  solstice  June  21,  9*,  I  have  Uken  ft  =  2^^°  27',  C  =  69o,  Q  =  90^, 
r  =  280° ;  for  the  southern  solstice,  Dec.  2 1 . 1 6»,  ft  =  204<>  45',  <[  =  81 9®,  0  =  270*, 
r  =  2SQP.  To  proceed  with  theoretical  rigor,  the  nutation  should  be  found  fbr  the 
time  of  each  obserration. 
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eliminate  the  error  of  the  assumed  latitude  of  Washington,* 
we  have,  finally, 

Mean  obliquity  for  1846.0  from  observation  =  28**  27'  33".03 
The  same  by  Petebs's  formula  (646)  with  | 
the  annual  decrease  0".4645  j  =  "      "    ^^  '^^ 

420.  The  secular  variation  of  the  obliquity  is  found  by  com- 
paring its  values  at  very  distant  epochs.  The  observations  of 
Bradlby  from  1753  to  1760  gave  for  1757.295  the  mean  obliquity 
23°  28'  14".055.  The  observations  at  the  Dorpat  Observatory 
gave  for  1825.0  the  mean  obliquity  23°  27'  42".607.     Hence 

Annual  var.  =  —       ^    ^  =  —  0".4645 
67.705 

Bbssel  found  —  0".457  by  comparing  Bradley's  observations 
with  his  own. 

The  secular  variation  is  also  found  in  Physical  Astronomy, 
theoretically.  The  value  thus  obtained  by  Peters  in  his  Nume- 
rus  Constans  Nutationis  is  —  0".4738,  as  given  in  the  formulae 
(646). 

421.  Determination  of  the  equinoctial  points^  and  the  absolute  right 
ascension  and  declination  of  the  fixed  stars, — The  declinations  of  the 
fixed  stars  are  either  directly  measured  by  the  fixed  instruments 
of  the  observ'^atory,  or  deduced  immediately  from  their  observed 
meridian  zenith  distances  (corrected  for  refraction)  by  the  formula 
i  =  ^  —  ^.  The  practical  details,  which  depend  on  the  instru- 
ment employed,  will  be  given  in  Vol.  11.  Here  we  have  only 
to  observe  that  the  immediate  result  of  such  a  measurement  is 
the  apparent  declination  at  the  time  of  observation,  which  must 
then  be  reduced  to  the  mean  declination  for  some  assumed 
epoch  by  the  formulae  of  the  preceding  chapter. 

The  position  of  the  equinoctial  points  is  determined  as  soon 
as  we  have  found  the  right  ascension  of  one  fixed  star ;  and  this 
is  done  by  deducing  from  observation  the  difference  between  the 

*  The  latitude  employed  in  deducing  the  declinations  was  88°  58'  89".  26.  The 
latitude  given  by  the  culminations  of  PolarxM  is  88°  58'  89".52  ( Washington  Attr, 
Ob9.,  Vol.  I.,  App.  p.  118).  If  we  adopt  the  latter  value,  the  obliquity  derived  from 
the  northern  solstice  will  be  increased  by  0''.27,  and  that  derived  from  the  southern 
solstice  will  be  diminished  by  the  same  quantity ;  and  the  difference  then  remaining 
between  the  two  results  will  be  only  0".67. 
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sun's  right  ascension  and  that  of  the  star  at  the  time  the  sun  Is 
at  the  equinoctial  points.  For  this  purpose  a  bright  star  is 
selected,  which  can  be  observed  in  the  daytime  and  at  either 
equinox,  and  which  is  not  far  from  the  equator.  On  a  day  near 
the  equinox  the  times  of  transit  of  the  sun  and  the  star*  are 
noted  by  the  sidereal  clock ;  and  at  the  time  of  the  sun's  transit 
his  declination  is  also  measured.    Let 

T  ==  the  clock  time  of  the  san's  transit, 
t=z         "  «        «       star's      " 

A,  D,  fi  =  the  san's  apparent  right  ascension,  declination, 

and  latitude  at  the  time  T, 
a  =  the  star's  apparent  right  ascension  at  the  time  t, 
«  =  the  apparent  obliquity  of  the  ecliptic  at  the 

time  T; 

/hen,  correcting  the  sun's  declination  by  the  formula  (695),  or, 

D'  =  D  —  )9  sec  c  cos  I) 

we  have,  by  (694), 

sin  A  =  tan  D'  cot  c  (699) 

Thus  A  becomes  known,  and  hence,  also,  a  by  the  formula 

a  =  A+(t-^T)  (700) 

in  which  t—  Ti&  the  true  sidereal  interval  between  the  observa- 
tions corrected  for  the  clock  rate. 

The  observation  is  to  be  repeated  on  a  number  of  days  pre- 
ceding and  following  each  equinox.  The  star's  apparent  right 
ascension  is  in  each  case  to  be  freed  from  the  eftects  of  aberra- 
tion, nutation,  and  precession  (also  proper  motion  and  annual 
parallax,  if  known).  Each  observation  thus  furnishes  a  value  of 
the  star's  mean  right  ascension  at  the  epoch  to  which  the  re 
duction  is  made.  In  order  to  learn  what  combination  of  these 
values  will  best  eliminate  constant  errors  in  the  elements  upon 
which  A  depends,  let  us  examine  the  eftects  of  these  errors. 
We  speak  only  of  constant  errors ;  the  accidental  errors  of  obser- 
vation beiifg  reduced  to  their  minimum  effect  by  taking  the 
mean  of  a  large  number  of  observations. 

The  correction  which  the  assumed  value  of  the  obliquity 
requires  being  denoted  by  de,  the  corresponding  correction  of-i 
is  found,  by  differentiating  (699),  to  be 
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,,  ,  2  tan  A 

a  A  =  —  oe 

Bin  2« 

The  correction  of  the  declination  ly  is  composed  of  the  cor- 
rections in  the  latitude  ^,  and  the  zenith  distance  ^ ;  since,  by 
the  formula  Z)  =  y  —  ^,  we  have 

But  dZ  is  itself  composed  of  the  corrections  required  in  the  re- 
fraction and  the  sun's  parallax  and  the  correction  for  any  error 
peculiar  to  the  zenith  distance  ^,  which  affects  the  meridian  in- 
strument employed  in  the  observation.  Denoting  the  correction 
of  the  refraction  by  dr,  that  of  the  sun's  parallax  by  dp  sin  ^, 
that  of  the  instrument  for  the  zenith  distance  (^  by/(^),  we  have 

dD  =  d^-^  [dr  —  dp  sin  C  +/(C)] 

The  effect  of  this  correction  upon  A  is  found,  by  differentiating 
(699)  with  reference  to  D'  (regarding  dD  as  equal  to  rfi)'),  to  be 

aA  =  dDV^, 

sin  2Z)' 

If  then  a!  denotes  the  corrected  mean  right  ascension  of  the 
star,  free  from  all  constant  errors,  we  have 

/  .    r^         ^     .    J     •     *.       ^/^Ni^tanA        _  2  tan  A 

a'=a  +  \dip  —  dr  +  dp  Bin  C  — /C)]    .    -^,  —  d^    .     _ 
■-  -^  8m2i>'  sm  2e 

This  formula  shows  that  nearly  all  the  errors  will  be  eliminated 
by  taking  the  mean  between  two  observations  taken  at  the  same 
zenith  distance  (or  the  same  declination),  the  one  near  the  vernal, 
the  other  near  the  autumnal  equinox.  For,  the  first  observation 
being  taken  when  the  declination  is  D'  and  right  ascension  -4, 
at  the  second  one  the  same  declination  D'  will  give  the  right 
ascension  180°  —  A,  the  tangent  of  which  is  the  negative  of  that 
of  A,  The  temperature  being  generally  different  at  tho  two 
seasons  of  the  year,  we  cannot  assume  that  the  error  in  the 
refraction  tables  will  be  the  same  at  both  observations  unless  we 
can  also  assume  that  the  law  of  correction  of  the  refraction  for 
temperature  is  perfectly  known.  So,  also,  we  must  admit  the 
possibility  that  such  changes  of  temperature  change  the  instru- 
mental correction ;  but  the  corrections  of  the  latitude  and  the 
parallax  will  remain  the  same.     Hence,  if  a^  is  the  mean  right 
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adcension  computed  from  the  observation  at  the  autumnal 
equinox,  the  corrected  right  ascension  will  be 

in  which  dr^  ami/,(^)  denote  the  corrections  for  the  same  zenith 
distance  as  before,  but  for  a  diflerent  temperature.  The  mean 
value  of  a'  obtained  from  the  two  observations  is  then 

This  mean  is  thus  freed  entirely  from  the  effects  of  the  errors  of 
latitude  and  the  assumed  obliquity,  and  the  remaining  error  is  com- 
posed merely  of  the  difference  of  the  errors  of  refraction  and  of  the 
instrument  arising  from  differences  of  temperature.  The  differ- 
ence of  temperature  at  the  vernal  and  autumnal  equinoxes, 
though  considerable,  is  not  so  great  but  that  we  may  assume  the 
quantity  rfri — dr  to  be  evanescent  in  the  present  state  of  the 
refraction  tables.  To  eliminate  the  effects  of  temperature  upon 
the  instrument,  the  only  course  is  to  make  a  special  investigation 
of  its  errors  at  various  temperatures. 

It  follows  from  this  discussion  that  the  absolute  right  ascen- 
sion of  a  star  can  be  accurately  determined  by  means  of  observa- 
tions'at  both  equinoxes  so  arranged  that  for  every  observation 
near  the  vernal  equinox  at  the  right  ascension  A  there  will  be  a 
corresponding  one  at  the  autumnal  equinox  at  the  right  ascension 
180^  —  A.  This  condition  is  satisfied  nearly  enough  by  regarding 
as  corresponding  observations  those  which  are  taken  between 
the  declinations  0°  and  +  2°  after  the  vernal  and  before  the 
autumnal  equinox,  between  0°  and  —  2®  before  the  vernal  and 
(\fter  the  autumnal ;  between  +  2^  and  +  4°  ;  —  2°  and  —  4**,  4c. 
On  account  of  the  very  complete  elimination  of  errors,  it  is  safe 
to  extend  the  observations  even  as  far  as  +  14°  and  —  14**.* 

Example. — The  following  observations  of  the  sun  and  /-  Pegasi 
on  the  meridian  were  taken  at  the  Washington  Observatory  in 
the  year  1846  if 

*  Bbssil  :  Fundamenta  Aitronomim,  pp.  12,  14. 

t  The  transits  were  Uken  with  the  **West  Transit,"  the  deoUnations  with  the 
Mural  Circle.  Both  the  first  and  second  limbs  of  the  sun  were  observed  on  the  seren 
threads  of  the  transit  instrument,  and  the  declination  of  both  the  north  and  the  south 
limbs  with  the  mural. 
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eb.  28.  2)  =  - 

-   9»46'15".85 

Oct.  17.  D  = 

—    9»17'58".12 

"     "     T 

22»  26-28M1 

a      it     y 

13»  28»40'.01 

"     "    t   = 

0     6   18.99 

«    16.  f   == 

0     6   22.97 

The  times  of  transit  are  corrected  for  the  supposed  error  and 
rate  of  the  clock. 

For  the  dates  of  the  two  observations,  the  apparent  obliquity 
of  the  ecliptic  and  the  sun's  latitude  are  as  follows : 


Feb.  28. 

Oct.  17, 

c 

23»  27'  26".  10 

28»  27'  24".85 

+     0  .38 

—    0.18 

— /Jsec*  coeD 

—    0.85 

4-    0  .14 

2)'- 

-   9    46  16  .20 

--  9    17  52.98 

log  tan  D' 

n9.236068 

n9.214105 

log  cot  « 

0.362585 

0.362595 

log  sin  A 

n9.598648 

n9.576700 

A 

22*  26-  28M7 

13»  28«  40'.14 

A  —  T 

+     0.06 

+      0.18 

t+A— T=a 

0     6    19.05 

0     5    23.10 

Beduotion  to  1850.0 

+    12.15 

+      8.12 

Mean  a  for     1850.0  : 

=    05    81.20 

0     5    31.22 

The  reduction  to  1850  is  here  used  because  it  can  be  taken 
directly  from  the  general  tables  for  reducing  the  apparent  places 
of  stars  to  mean  places,  given  in  the  volume  of  Washington 
Observations  for  1847.  Taking  the  mean  of  the  two  observations, 
we  have,  finally, 

Mean  R.  A.  of  ^  Pegasi  for  1850.0  =  0»  5"  31'.21 

422.  When,  by  the  combination  of  a  great  number  of  observa- 
tions, the  right  ascension  of  a  fundamental  star  is  thus  established, 
the  right  ascensions  of  all  other  stars  follow  from  the  differences 
of  time  between  their  several  transits  and  that  of  the  fundamental 
star.  But,  in  the  present  state  of  the  star  catalogues,  it  will  be 
preferable  not  to  limit  the  object  of  these  observations  to  deter- 
mining a  single  star.  The  constant  use  of  the  same  fundamental 
stars  as  "  clock  stars**  (stars  near  the  equator  by  which  the  clock 
correction  and  rate  are  found)  gives  to  the  relative  right  ascensions 
of  these  stars  (as  derived  from  all  their  observed  transits  during 
one   or  more  years)  a  high   degree   of  accuracy.     Assuming, 
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therefore,  that  the  relative  right  ascensions  of  the  clock  stars  are 
correct,  the  object  of  our  observations  of  the  sun  will  be  to 
determine  the  common  correction  of  the  absolute  right  ascensions 
of  all  these  stars.  Accordingly,  if  we  deduce  the  sun's  apparent 
right  ascension  directly  from  each  observation  by  applying  to  the 
clock  time  of  the  transit  of  the  sun's  centre  the  clock  correction 
obtained  from  the  fundamental  stars,  and  compare  this  with  the 
apparent  right  ascension  computed  from  the  observed  declination, 
we  have  the  correction  which  the  right  ascensions  of  these  stars 
require.  All  that  has  been  said  above  respecting  the  grouping 
of  the  observations  at  the  two  equinoxes,  of  course,  applies 
equally  well  to  this  process. 

Thus,  in  the  preceding  example,  taking  the  clock  times  of  the 
sun's  transits  there  given  as  the  directly  observed  right  ascensions 
(since  they  have  actually  been  corrected  for  the  clock  error 
obtained  from  a  number  of  fundamental  stars),  we  shall  have 

Feb.  28. 
Observed  R  A.  of  ©,         22»  26*  28M1 
Computed   "        "  *'    ^<    28 .17 

Correction  of  clock  stars,        +     0 .06  +0 .13 

whence 

Mean  correction  of  the  R  A.  of  the  clock  stars  =  -[-  0*.10 


Oct.  17. 

13»28« 

•4O'.01 

u     u 

40.14 

CONSTANT  OF  REFRACTION.  671 


CHAPTER  Xm. 

DETERMINATION  OP  ASTRONOMICAL  CX)NSTANTS  BY  OBSERVATION. 

423.  I  SHALL  not  attempt  to  enter  into  all  the  details  of  the 
methods  by  which  the  various  astronomical  constants  are  deter- 
mined from  observations,  but  shall  confine  myself  to  a  sketch  of 
their  general  principles,  which  will  serve  as  an  introduction  to 
the  special  papers  to  be  found  in  astronomical  memoirs  and 
other  sources. 

THE   CONSTANTS   OP   REFRACTION. 

424.  The  general  refraction  formula  (191)  involves  the  two 
constants  a  and  )9,  both  of  which  may  be  found  from  theory  by 
the  formula  (178)  and  (176).  But,  as  the  refraction  formula  was 
deduced  from  an  hypothesis,  it  was  not  to  be  expected  that  the 
theoretical  values  of  a  and  ^  would  give  refractions  in  entire 
accordance  with  observation.  The  discrepancies,  however,  are 
exceedingly  small:  so  small,  indeed,  that  the  formula  may  be  re- 
garded as  representing  well  enough  the  law  of  refraction,  with- 
out resorting  to  any  new  hypothesis ;  and  to  perfect  it  we  have 
only  to  give  the  constants  slightly  amended  values,  whereby  the 
computed  refractions  are  made  to  harmonize  entirely  with  those 
deduced  from  observation.  To  deduce  the  corrections  of  a  and  )9, 
we  can  employ  the  concise  expression  of  the  refraction  (213),  or 

(l-»)r  =  sin«r^|.e 

The  factor  1  —  a  differs  so  little  from  unity  that  we  may  regard 
it  as  constant  in  determining  the  small  correction  of  r,  and, 
therefore,  by  differentiating,  we  have 

By  (217)  and  (210)  we  have 

dQ      dQ  dx       \—x      p 


da        dx    da  X       sin*  z 


Q' 
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where  Q^  is  known  by  (218),  and,  therefore,  the  coefficient  of 
da  can  be  computed.    Also,  since  -^  is  given  by  (220),  and  Q  by 

(212),  the  coefficient  of  d^  is  known.  We  should,  however,  find 
the  correction  of  the  constant  o^,  or  that  which  corresponds  to 
the  normal  temperature  and  barometric  pressure  of  the  refrac- 
tion table.    By  (205)  we  have 

rf.  = ^j^ P 


14.c(t— T,)    p^ 


As  for  d^,  it  is  evidently  the  same  as  d^^ 

But,  since  a^  can  require  but  a  very  small  correction,  great  prdi 
cision  in  the  coefficient  of  dxi^  is  not  necessary;  and,  if  W9 
neglect  the  second  and  higher  powers  of  a^,  it  is  easily  seen  that 

this  coefficient  will  be  reduced  to  — ,  r  being  the  refraction  com- 

puted  for  the  actual  state  of  the  air  by  the  tables.  This  amounts 
to  assuming  that  r  and  dr  vary  directly  in  proportion  to  a,  and  da^\ 
an  assumption  which  is  very  nearly  correct,  as  can  be  seen  from 
the  approximate  formula  (159),  in  which  we  have  very  nearly 
2W<,  =  a^.  We  may  also  in  our  differential  formula  put  unity 
in  the  place  of  the  factor  1  —  a ;  and  hence  if  we  put 

A  =  L 


yifi\dp        2/5/ 


we  shall  have 


dr=Adfu^+Bdp^  (701) 

It  only  remains  to  show  how  this  differential  formula  is  to  be 
applied  in  deducing  da^  and  d^^  The  observations  best  suited 
to  our  purpose  are  those  of  the  zenith  distance  of  a  circumpolar 
star  at  its  upper  and  lower  culminations.    Let 

sf^  z^  =  the  observed  zenith  distances  above  and  below  the 

pole  respectively, 
jgr,  z^  =  the  trne  zenith  distances  obtained  by  employing  the 

tabular  refraction, 
dj  d^  =  the  declination  of  the  star  at  the  two  culminations 
respectively, 
^  =  the  assumed  latitude  of  the  place  of  observation. 
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The  true  zenith  distances  which  would  be  obtained  by  a  table 
of  refractions  founded  on  the  corrected  constants  will  be  z  4  dr 
and  z^  +  rf^i ;  and,  therefore,  if  dtp  denotes  the  correction  of  the 
assumed  latitude,  we  shall  have 

90«  —  (^  +  ^rt  =  ^  +  ^^  +  90^  —  ^ 
90O  ~  (^  +  d^)  =  z,^  dr^^  (90^'  -  ^0 

whence,  by  taking  the  mean, 

90O  —  ^  —  (f  ^  =  J  (z  +  ^,)  +  i  (^1  —  ^)+lidr  +  dr,) 

The  quantity  ^i  —  d  is  merely  the  very  small  change  of  the 
star's  declination  between  the  two  culminations,  arising  from 
precession  and  nutation,  which  is  accurately  known.  If  we  sub- 
stitute the  values  of  dr  and  dr^  in  terms  of  da  and  rf^,  and  theu^ 
put 

n  =  Hz  +  z,)  +  i(^i-  ^)  +  f  -  90^ 

we  have  the  equation  of  condition 

dip  +  ada^+  hdp^  +  n  =  0  (702) 

By  employing  a  number  of  stars  which  culminate  at  various 
zenith  distances,  we  shall  obtain  a  number  of  such  equations,  in 
which  the  coefficients  a  and  h  will  have  difterent  values :  so  that 
the  solution  of  all  these  equations  by  the  method  of  least 
squares  will  determine  the  three  unknown  quantities  d<p^  da^ 
and  d^Q. 

THE  CONSTANT  OP  SOLAR  PARALLAX. 

425.  The  constant  of  solar  parallax  is  the  surCs  mean  equatorial 
horizontal  parallax^  or  its  horizontal  parallax  when  its  distance 
from  the  earth  is  equal  to  the  semi-major  axis  of  the  earth's 
orbit.  The  constant  of  parallax  of  any  planet  is  also  its  parallax 
when  its  distance  from  the  earth  is  equal  to  the  semi-major  axis 
of  the  earth's  orbit:  so  that  the  constant  of  solar  parallax 
belongs  to  the  whole  solar  system. 

The  relative  dimensions  of  the  orbits  of  the  planets  are  known 
from  the  periodic  times  of  their  revolutions  about  the  sun,  since, 
by  Kepler's  third  law,  the  squares  of  their  periodic  times  are 
proportional  to  the  cubes  of  their  mean  distances  from  the  sun, 
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that  is,  to  the  cubes  of  the  Bemi-major  axes  of  their  orbits.  The 
ratios  of  these  distances  are  therefore  known. 

Again,  the  farm  and  position  of  each  orbit  are  known  from 
Physical  Astronomy  ;*  and  therefore  the  ratio  of  the  planet's 
distance  from  the  earth  at  any  given  time  to  the  earth's  mean 
distance  is  also  known. 

According  to  these  principles,  if  the  distance  of  any  planet 
from  the  earth  can  be  found  at  any  time,  the  dimensions  of  all 
the  orbits  are  also  found :  in  other  words,  when  we  have  found 
the  parallax  of  one  planet  we  have  also  found  that  of  all  the 
planets,  as  well  as  that  of  the  sun. 

426.  To  find  a  planefSj  or  the  sun'Sy  parallax  by  meridian  obserta- 
Horn. — ^Let  the  meridian  zenith  distance  of  the  planet's  centre 
be  observed  on  the  same  day  at  two  places  nearly  on  the  same 
meridian,  but  in  very  different  latitudes.  After  correcting  the 
observed  quantities  for  refraction,  let 

C',  C/  =  the  apparent  zenith  distances  at  the  north  and  south 

places  of  observation,  respectively, 
C,  C|  =  the  true  (geocentric)  zenith  distances, 
p,  p^  =  the  parallax  for  the  zenith  distances  C  and  C^, 
ir,  ff,  =  the  equatorial  horizontal  parallax  at  the  respective 

times  of  observation, 
J,  J,  =  the  geocentric  distances  of  the  planet  at  these  times, 
Sf  d^  =  the  geocentric  declination  of  the  planet  at  the  same 
times, 
n^  =  the  sun's  mean  equatorial  horizontal  parallaz, 
J,  =    "      "         "      distance  from  the  earth, 
It  =  the  earth's  equatorial  radius. 

Also  for  the  places  of  observation  let 

59,  ^j  =  the  astronomical  latitudes, 

^,^j'=  the  reduced  or  geocentric  latitudes, 

p,  p^  =  the  radii  of  the  terrestrial  spheroid  for  these  latitudes. 

"We  have 

R  .  R  I  ^ 

sm  ff  =  —  sm  TT,  =  - —  sin  ir.  =  — 

^ ^_j4^ ^. 

*  Th«j  ar«  foand  from  three  complete  obserrations  of  the  right  asoension  ud 
deoUnation  of  eaoh  planet  at  three  different  times  (Oausb,  TAeorui  Motiu  Oorpwim 
CMettium)y  and  therefore  from  the  obseryed  dirtetiont  of  the  planet,  the  abaohiU 
distance  being  unknown. 
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tuid  therefore 

Bin  ic  =—2.  sin  n^  sin  «,  =  — S-sin  jt. 

The  quantities  J  and  J|  are  to  be  found  from  the  planetary 
tables,  or  directly  from  the  Nautical  Almanac,  where  tliey  are 
expressed  in  terms  of  J^  as  the  unit :  so  that  their  values  there 

given  are  the  values  of  the  ratios  --  and  -j .     Hence  we  shall  put 

Jq  =  1  in  the  preceding  formulse,  and  also  put  the  arcs  for  their 
sines  (since  the  greatest  planetary  parallax  is  only  85'^) :  so  that 
we  have 


«; 


0 


Then,  by  (114), 

J)  =  P  «  sin  [C  -  (^  -  /)]  =  ?^  Bin  [C  -  (,  -  ^] 

p,  =  p,^.  Bin  [C/ -  i9i  -f /)]  =  ^  Bin  [C/ -  (s^.-f/)] 
But  we  also  have 

and  hence 

from  which  we  obtain 

P  ~l>i=  C-  C/-  (f  -  9i)  +  («  -  ^x) 

As  the  small  difference  d  —  di  will  be  accurately  known,  the 
observations  being  taken  nearly  on  the  same  meridian,  all  the 
quantities  in  the  second  member  of  this  equation  may  be 
regarded  as  known.     Hence,  putting 

n  =  C'-C/-(sp-fx)  +  (^-^«) 

(703) 
a  =  ^  Bin  [C  -  (^  -  ^)]  -  ^  Bin  [Cx'  -  (f ,  -  fxO] 

we  obtain  the  equation 

an^=n  (704) 

which  determines  tt^.  K  the  zeniths  of  the  two  places  of  obser- 
vation are  on  opposite  sides  of  the  star  (which  is  the  most  favor- 
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able  case),  the  zenith  distance  at  the  southern  place  must  be 
taken  "with  the  negative  sign  in  the  above  formulae.  The  coeffi- 
cient a  then  becomes  an  arithmetical  sum,  and  it  is  evident  that 
the  greater  the  value  of  a,  the  greater  Mali  be  the  degree  of  accu- 
racy in  the  determination  of  tt^. 

But,  in  order  to  give  this  method  all  the  precision  necessary 
in  finding  so  small  a  quantity  as  ;r^  the  quantity  n  must  not 
depend  upon  the  absolute  zenith  distances  observed  (which 
involve  the  errors  of  divided  circles  and  the  whole  errors  of  the 
refraction  table  at  these  zenith  distances),  nor  upon  the  quantity 
f  —  ^j  (which  involves  the  errors  in  the  latitudes  of  the  places), 
but  upon  micrometric  measures.  For  this  purpose,  the  planet  is 
compared  with  a  star  nearly  in  the  same  parallel  of  declination, 
and  always  with  the  same  star  at  both  places  of  observation^  the  com- 
parison stars  being  previously  selected  and  agreed  upon  by  the 
observers.  The  star  and  planet  should  differ  so  little  in  declina- 
tion that  they  will  both  pass  through  the  field  of  the  meridian 
telescope,  the  instrument  remaining  firmly  clamped  between  the 
transits  of  the  two  objects ;  and  then  the  difference  of  apparent 
declination  of  the  planet  and  star  will  be  directly  measured  with 
the  micrometer.  This  difference  is  to  be  corrected  for  the  dif- 
ference of  refraction  at  the  zenith  distances  of  the  planet  and 
star,  which  difference  of  refraction,  being  very  small,  can  be 
computed  with  the  greatest  accuracy.*    If  then 

D  =  the  declination  of  the  star, 
A^,  A^,  =  the  observed  differences  of  declination  of  the  star 
and  plimet  (corrected  for  reif^action)  at  the  two 
places  of  observation, 

the  observed  apparent  declination  of  the  planet  at  the  northern 
place  is 

and  at  the  southern  place 

whence 

^a  -  Aa,  =  -  (C  -  C/)  +  (f  ~  9^) 

and  the  value  of  n  in  (703)  becomes 

n  =  a  —  a^  —  (Aa  —  A^j)  (705) 

*  Vol.  II.  CorrtcHon  ofmieronwttT  obtervatiom  for  reaction. 
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where  a^  and  a^i  are  in  each  case  the  planet's  declination  minus 
the  star's  declination,  and  their  signs  are  to  be  carefully  observed. 
For  computing  the  coefficient  a,  the  apparent  zenitii  distances 
will  be  obtained  by  the  formuke 

C'=  f  -  (2>  +  A5)  C/=  f,-  (2>+  A^,) 

so  that  we  have 

a  =  4  Bin  [f'  -  C-Z>  +  A^)]  -  ^  Bin  [^p/  -  (D  +  A^J]    (706) 


J  Lr  V-     I    -  /J         J 


and  then,  as  before. 


A  great  number  of  such  corresponding  observations  will  be 
necessary  in  order  to  determine  t:^  with  accuracy ;  and  all  the 
equations  of  the  form  just  given  are  to  be  combined  by  the 
method  of  least  squares.     Thus,  from  the  equations 


air,=  n,                   a'jr,  =  n', 

a"«,  =  «",&o- 

we  obtain  the  final  equation 

[ad]  ic^=  Ian}           or 

•      [aa] 

fn  which  [aa]  =  aa  +  a' a'  +  a" a"  +  &c.,  and  \an\  =  an  +  a'n' 
'J-a'V+  &c. 

427.  To  find  the  solar  parallax  by  extra^meridian  observations  of  a 
planet. — The  preceding  process  will  require  but  a  slight  modifi- 
cation. The  difference  of  apparent  declination  of  the  planet  and 
a  neighboring  star  is  measured  at  both  stations  with  a  micrometer 
attached  to  an  equatorial  telescope,  and  is  to  be  corrected  for 
refraction.  The  quantity  n  will  then  be  found  by  (706).  The 
coefficient  a  will  now  be  the  difference  of  the  coefficients  of 
parallax  in  declination,  computed  by  the  formulae  (148),  accord- 
ing to  which,  if  we  put 

tan  «p'  tan  f  / 

tan  r  =-• -—^ — -  tan  r,  = — * 

'         COB  (6  —  a)  '        C08(ej  —  aj) 
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we  shall  have 

^^P  sin  /sin  (j  —  ^       Px  «>"  f/s^P  fri—  ^i)         ^q^^ 
J  sin  ^  A^  sin  y^ 

in  which  0  and  0i  are  the  local  sidereal  times  of  the  observations, 
a  and  04  the  right  ascensions,  d  and  i^  the  declinations  of  the 
planet  at  these  times.  The  equation  of  condition  fix)m  each  pair 
of  corresponding  observations  of  the  same  star  will  then  be,  as 
before,  a  ;rg  =  n. 

If  several  comparisons  are  made  at  either  place  on  the  same 
day,  these  must  first  be  combined,  and  reduced,  as  it  were,  to  a 
single  comparison.     Thus,  if  we  put 

/»   sin  f/ein  (y  —  d) 

A  miLY 

we  have,  for  each  comparison  of  the  planet  with  the  star, 

^  =  D  +  A^  +  c«^ 

and  if  m  such  comparisons  are  made,  their  mean  will  be 

In  like  manner,  at  the  second  place,  we  shall  have  for  ttIj  obser- 
vations the  equation 

and,  taking  the  difference  of  these  equations,  we  shall  put 

*      \     m  wij     / 

The  equation  of  condition  an^=^n  will  then  represent  all  the 
observations  on  the  same  day  at  the  two  places. 

428.  The  equations  of  condition  will  involve  smaller  nomben 
and  be  more  easily  solved  if  the  unknown  quantity  is,  not  the 
whole  parallax,  but  the  correction  of  some  assumed  value  of  the 
parallax  not  greatly  in  error.  In  this  case  we  may  correct  each 
observed  difference  a5  for  parallax,  employing  the  assumed  value 
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of  TT^;  and,  proceeding  as  before,  we  shall  have  the  equation  of 
condition  a  cjTq  =  n,  in  which  ^jTq  is  the  required  correction  of  t:^ 

429.  If  but  one  limb  of  the  planet  is  observed  at  one  or  both 
the  stations,  it  will  be  necessary  to  introduce  the  correction  for 
the  semidiameter.  As  the  senaidiameter  itself  should  then  be 
regarded  as  an  unknown  quantity,  to  be  found  if  possible  from 
the  observations,  its  complete  expression,  in  terms  of  all  the  cor- 
rections which  the  observations  may  require,  is  to  be  employed. 
This  will  be  found  in  Article  435. 

480.  The  differences  of  right  ascension  of  the  planet  and  a 
neighboring  star  may  also  be  employed  in  the  same  manner  as 
the  differences  of  declination,  the  places  of  observation  being  in 
that  case  in  widely  different  longitudes.  We  have  only  to  intro- 
duce into  (707)  the  coefficients  of  the  parallax  in  right  ascension 
computed  by  the  first  equation  of  (148),  and  in  the  expression  of 
n  substitute  right  ascensions  for  declinations. 

481.  The  only  planets  which  are  near  enough  to  the  earth  for 
the  successful  application  of  this  method  are  Mars  and  Venus. 

Mars  is  nearest  to  the  earth  at  the  time  of  opposition,  and  for 
this  time  the  British  Nautical  Almanac  furnishes  an  Ephemeris 
of  stars  to  be  observed  with  the  planet.  All  the  oppositions, 
however,  are  not  equally  favorable.  The  mean  distance  of  Mars 
from  the  sun  being  =  1.524,  and  the  eccentricity  of  the  orbit 
=  0.0933,  while  the  mean  distance  of  the  earth  =  1  and  the  ec^ 
centricity  of  its  orbit  =  0.017,  it  follows  that  for  an  opposition 
in  which  Mars  is  at  its  perihelion  while  the  earth  is  at  ita 
aphelion,  the  distance  of  the  two  bodies  will  be  0.365 ;  but  for 
one  in  which  Mars  is  at  its  aphelion  and  the  earth  at  its  peri*' 
helion,  their  distance  will  be  0.683.  Thus  the  former  case  will 
be  nearly  twice  as  favorable  as  the  latter. 

Venus  is  nearest  to  the  earth  at  the  time  of  inferior  conjunc- 
tion, but  at  that  time  can  very  rarely  be  compared  micrometric- 
ally  with  stars,  as  the  observations  would  be  made  with  the  sun 
above  the  horizon.  The  most  favorable  position  of  this  planet 
is  at  or  near  its  stationary  points,  where  the  changes  of  the 
planet's  place  are  small  and  may  therefore  be  accurately  com- 
puted, while  the  distance  from  the  earth  is  still  not  too  great* 

*  GiXLUia,  Attnm,  Naek.,  No.  599. 
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The  United  States  Astronomical  Expedition  to  Chili  under 
Lieut.  J.  M.  QiLLiss,  in  the  years  1849-62,  was  set  on  foot  for 
the  purpose  of  determining  the  solar  parallax  by  the  above 
method.  That  indefatigable  and  accurate  observer  collected  a 
large  mass  of  valuable  material,  a  great  part  of  which,  however, 
could  not  be  used  in  the  manner  originally  intended,  for  want 
of  corresponding  observations  at  northern  observatories.  In  the 
thorough  discussion  of  this  material  by  Dr.  B.  A.  Gould*  will 
be  found  a  full  exposition  of  the  modifications  which  the  method 
required  in  order  to  make  use  of  all  the  observations. 

The  constant  of  solar  parallax  is  also  found  by  the  transits  of 
Venus  over  the  sun*s  disc,  Art  356. 
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432.  The  constant  of  lunar  parallax  is  the  moon's  mean  eqiuUorial 
hmzontal  paraUax^  or  the  equatorial  horizontal  parallax  corre- 
sponding to  the  moon's  mean  distance  from  the  earth. f 

To  find  the  moon's  parallax  by  meridian  observations  at  two  stations 
an  the  earth's  surface. 

The  stations  will  be  assumed  to  be  in  opposite  hemispheres  of 
the  earth :  so  that  at  every  observation  the  moon  will  culminate 
south  of  the  zenith  of  the  northern  station,  and  north  of  the 
zenith  of  the  southern  station.  They  will  also  be  assumed  to  be 
nearly  on  the  same  meridian.  At  each  station,  the  apparent 
declinations  of  the  moon's  bright  limb  at  the  instants  of  transit 
are  to  be  observed  on  the  same  day,  and,  consequently,  since  the 
meridians  are  not  remote,  at  nearly  the  same  time.  In  order  to 
eliminate  constant  errors  of  the  refraction  tables  and  instrumental 
errors,  the  difference  of  the  moon's  declination  and  that  of  a  star 
dearly  in  the  same  parallel  is  to  be  observed,  and  the  same  com- 
parison stars  should  be  used  at  both  stations.  The  observed 
difference  of  declination  is  to  be  corrected  for  the  difference  of 
the  refraction  at  the  zenith  distance  of  the  moon  and  star,  and 
then  applied  to  the  assumed  declination  of  the  star.  We  shall 
thus  obtain  the  apparent  declination  of  the  moon's  limb  affected 
only  by  parallax.    Let 

♦  U.  S.  Naval  Expedition  to  ChUi,  Vol.  III. 

t  The  oonstant  adopted  in  the  lunar  tables  is  for  tlie  mean  distance  affected  by  the 
constant  part  of  the  perturbations  of  the  radius  Tector. 
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d,  d^  =  the  apparent  declinations  of  the  limh  observed  at 
the  north  and  south  stations  respectively, 
D,  D|  =  the  geocentric  declinations  of  the  moon's  centre  at 

the  respective  times  of  observation, 
^,  ^^  =  the  geographical  latitudes  of  the  stations, 
^,  ^j  =  the  reductions  of  the  latitudes  for  the  earth's  com- 
pression^ 
p^  p^  ==  the  distances  of  the  stations  from  the  earth's  centre, 

the  equatorial  radius  being  unity, 
P,  Pj  =  the  moon's  horizontal  parallax  at  the  times  of  the 
observation ,  respectively ; 

then,  the  apparent  zenith  distance  of  the  limb  and  the  geocentric 
zenith  distance  of  the  centre  of  the  moon  being,  for  the  northern 
station, 

C'  =  ^  —  d  and  C  =  ^  —  D 

•we  have,  by  (255), 

Bin  (D  —  d)  =  |>  sin  (C'  —  7^)  ip  A]  sin  P 

where  k  is  the  constant  ratio  of  the  radii  of  the  moon  and  the 
earth,  for  which  the  value  0.272956  may  be  assumed ;  and  the 
upper  or  lower  sign  of  k  is  to  be  used  according  as  the  upper  or 
lower  limb  is  observed. 
At  the  southern  station  we  have 

and  hence,  taking  the  reduction  7*1  as  a  positive  quantity, 

sin  (D,  -  ^0  =  -  biSin  C/  -  ri)  ±  A:]  sin  P, 

where  the  sign  of  k  is  reversed,  since  the  same  limb  will  be  an 
upper  limb  at  one  station  and  a  lower  limb  at  the  other.  For 
brevity,  put 

m  =  /»  sin  (C'  —  r  )  ^  * 
w»i=^i8in(Ci— ri)  ±:k 

then,  from  the  equations 

sin  (^D'—d)  =  m  sin  P  sin  (!>,—  ^,)  =  —  m,  sin  P^ 
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we  derive,*  neglecting  powers  of  sin  P  above  the  third, 
y.       ^  msinP  ,    ,    m'sin'P 

JU  —  o  ^s         -4"  *  • 

sinl"   ^*     siDl" 

»       *  sinl"        •'     sinl" 

If  now  the  times  of  the  two  observations  reckoned  at  die 
same  first  meridian  are  T  and  7^,  and  for  the  middle  time 
t  =  J(r+  T^)  we  dednce  from  the  lunar  tables  the  hourly  in- 
crease of  the  moon's  declination,  or  -^— ,  we  shall  have,  with 
regard  to  second  differences, 

Again,  if  we  denote  the  moon's  horizontal  parallax  at  the  time 
t  by  py  and  compute  from  the  tables  its  hourly  increase  fur  this 

time,  or  -^  we  shall  have 
at 

sin  P  =  sin  I?  +  cob;?  sin  1"  (T—  t)  ^ 

sin  P,=  sin|>  +  cosp  sin  1"  (T,  — ^  -£ 

Taking  the  difference  of  the  above  values  of  JD  —  d  and  D^  —  i^ 
we  obtain,  therefore, 

0  =  [(7\-T)^~(^,-^)]Binr+(m«+m,«)?l^ 

+  OQBp  sin  r  *  [;n(r-0  +  m,(r,~o] 

+  (m  +  m,)  sin  p  (708) 

The  parallax  is  sufficiently  well  known  for  the  accurate  compu- 
tation of  the  terms  in  sin' j>  and  ~:  so  that  the  only  unknown 
quantity  in  this  equation  is  the  last  term.     In  this  term  we  have 

m  +  m,  =  |t>  Bin  (C  —  r)  +  ^iSinC:/  —  rO  (709) 

♦  By  the  formula,  [PI.  Trig.  (418)], 

z  =r  smx  -\-  ^  sin*  x  +  &o. 
where  ihe  second  member  Is  lo  be  reduced  to  seoonds  by  diyiding  it  by  sia  1". 
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which  ia  independent  of  A,  and  thus  free  from  any  error  in  that 
qaantity.  Small  errors  in  k  will  not  appreciably  affect  the  other 
terms  of  the  equation. 

Thus  every  pair  of  corresponding  observations  gives  an  equa- 
tion of  the  form 

0  =  n  +  a  sin  p  (710) 

from  which  the  parallax  p  at  the  mean  time  of  each  pair  of 
observations  could  be  derived.  But,  in  order  to  combine  ail 
these  equations,  we  must  introduce  in  the  place  of  the  variable 
p  the  constant  mean  parallax,  which  is  effected  as  follows.    Let 

It  =  the  horizontal  parallax  taken  from  the  lunar  tables  for 

the  time  tj 
TTp  =  the  constant  mean  parallax  of  the  tables, 
p^  =  the  true  value  of  this  constant. 

The  form  of  the  moon's  orbit  is  well  known :  so  that  for  any 
given  time  the  ratio  of  the  radius  vector  to  the  semi-major  axis, 
as  employed  in  the  tables,  is  to  be  regarded  as  correct ;  that  is, 
the  ratio 

sin  TT 

''=iEi;-  (711) 

derived  from  the  tables,  is  to  be  regarded  as  the  ratio  between 
the  true  parallax  at  the  given  time  and  the  true  constant :  so  that 
we  have  also 

sin  p 
fi  =  -: — ^  or  sm  2>  =  M  sm  ». 

sm  p^  ^  ^» 

and  the  equation  (710)  becomes 

a8in|?,+  -  =  0  (712) 

The  quantities  a,  ti,  and  ft  being  computed  for  each  pair  of  corre- 
sponding observations,  we  thus  obtain  a  number  of  equations, 
all  involving  the  same  unknown  constant  sin  p^^  which  are  then 
to  be  solved  by  the  method  of  least  squares. 

433.  The  quantities  p  and  /•,  which  enter  into  the  coefficient  rOy 
will  be  computed  for  an  assumed  value  of  the  compression  of  the 
earth.    But,  in  order  to  see  the  effect  of  the  compression,  we 
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mav  isolate  the  terms  which  involve  it,  as  follows.    Neglecting 
the  fourth  powers  of  the  eccentricity  €,  we  have,  by  (84)  and  (83), 

/»  =  1  —  }  «•  sin"  f 
^  sin  2  f 


r  = 


2  sin  1" 


But  when  we  neglect  the  fourth  powers  of  e,  or  the  square  of  the 
compression  c,  we  have,  by  (81), 

c  =  }«* 

by  which  we  obtain  the  somewhat  simpler  forms, 

P  ==1  —  €  sin"  f 

c  sin  2  ^ 

^"~     sinl" 

These  values  substituted  in  m  give,  by  neglecting  the  square  of  c, 

m  =  (1  —  c  sm«  f)  sm  (  C' .    ^,;   ]  T  k 

\  sm  1"   / 

=  (1  —  c  sin*  f )  (sin  C'  —  c  sin  2  f  cos  C)  =p  A: 

=  sin  C'  —  c  (Bin*  ^  sin  C'  +  sii^  2  f  cos  C')  ^  k 

and,  similarly, 

wij  =  sin  C/  —  0  (sin»  f^  sin  C/  +  sin  2  f  i  cos  C/)  ±:  * 

The  effect  of  the  compression  will  be  insensible  in  the  terms 
involving  sin*  p^  in  which  we  may  take 

m»  =  (sin  C' :;:  k)*  m^  =  (sin  C/  ±l  A)» 

and  the  same  approximation  is  allowable  in  the  term  in  -^.      If 

then  we  make  these  substitutions  in  (708),  we  obtain  the  follow- 
ing expanded  equation : 

0  =  [(7\-  T)^  -  {6,-  6)1  sin  1"+  [(sin  C'q:  *)•  +  (-in  Ci'db*)«]  ?^ 
+  eos/^  *  sin  1"  [(8in  l^'z^  k)  {T-^t)  +  (sin  C|'±*)  (r,  -  <)] 

—  « /i  sin  p^  [8in>^  sin  C'  +  sin  2^  oos  C'  +  sin"  ^8infi'+  sin  2^oos  ^j*] 
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If  this  equation  be  divided  by  /ti,  it  may  be  expressed  under  the 

form 

0  =  n+xia  —  cb)  (713) 

where  the  notation  is  as  follows : 

sin  1''      _       _   dD 


n  = 


[c^'-^)-3r-(^-*)] 


+  ^[  ("°  «^'  =p  *)•  +  C"°  ^»'  ±  *)•] 


6m 

a  =  sin  C'  +  si^  ^/ 

6  =  sin'f)  sin  C'  +  sin  2  ^  cos  C'  +  sin"  f ^  sin  C/  +  sin  2  ^i  cos  C/ 

a:  =  sin  p^ 

It  is  here  to  be  observed  that  we  have  taken  /-j  as  a  positive 
quantity  even  for  the  southern  station :  so  that  sin  2  f^  must  be 
taken  positively  in  computing  b. 

Let  us  now  suppose  we  have  obtained  from  a  large  number  of 
such  corresponding  observations  the  equations 

0  =  n  +  x(a  —  cb) 
0  =  n'  +  X  (a'  —  cV) 
0  =  n"+ar(a"— c6") 
&c. 

Multiplying  these  respectively  by  a,  a',  a",  &c.,  and  then  forming 
their  sum,  we  have 

0  =  Ian]  4-  laa]  x  —  [a6]  ex 

where  [an\  =  an  +  «'w'  +  &c.,  [aa]  =  aa-\-  a'a^  +  &c.,  &c.  The 
last  term  is  very  small :  so  that  an  approximate  value  of  x  may 
be  found  by  neglecting  it,  whence 

which  value  may  then  be  employed  with  sufficient  accuracy  in 
the  term  [a6]cx;  we  thus  find  the  complete  value 

^  =  _[?!Q  +  Ef!?3p_K  (714) 

\aa\  ^  \aa\  \aa\  ^      ^ 
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This  is  essentially  the  method  by  which  Olufsen*  has  dis* 
cussed  the  observations  made  by  Lacaille  in  the  years  1751, 
1762,  and  1768,  at  the  Oape  of  Good  Hope,  and  the  correspond- 
ing observations  made  at  Paris,  Bologna,  Berlin,  and  Greenwich. 
He  found  from  all  the  observations  the  final  equation 

X  =  0.01661238  +  0.02449201  c 

1 


Consequently,  if  we  take  the  most  probable  value  of  <?  =  , 

there  results 

X  =  sin  p^  =  0.01659420 

The  parallax  given  by  the  lunar  tables  of  Burckhardt  and 
Damoiseait  is  properly  the  sine  of  the  parallax  reduced  to  seconds. 
In  order  to  compare  this  determination  with  the  constants  of 
these  tables,  we  therefore  take 

^  =  ?!?^  =  8422".8 
^*       sm  1" 

The  constant  of  Burgkhardt's  tables  is  3420''.6 ;  that  of 
©AMOiSEAu's,  8420".9 ;  that  of  Hansen's  new  tables,  3422''.06. 
This  last  value,  which  is  derived  from  theory,  agrees  remarkably 
with  that  which  is  derived  from  direct  observation;  for  the 
determination  by  Henderson  from  corresponding  observations 
at  Greenwich  and  the  Cape  of  Good  Hope  isf  3421".8,  and  the 
mean  between  this  and  Olufsen's  value  is  3422^^8. 

484.  The  correction  of  the  moon's  parallax  may  also  be  found 
from  the  observations  of  a  solar  eclipse  at  two  places  whose  dif- 
ference of  longitude  is  great,  as  is  shown  in  the  chapter  on 
eclipses,  p.  641. 

It  is  also  possible  to  determine  the  moon's  parallax  by  com- 
paring the  different  zenith  distances  of  the  moon  observed  at  one 
and  the  same  place  between  her  rising  and  setting,  since  the 
effect  of  BO  great  a  parallax  is  easily  traced  from  its  maximum 
when  the  moon  is  in  the  horizon  to  its  minimum  when  at  the 
least  zenith  distance.  But  this  very  obvious  method,  by  which, 
in  fact,  HIPPARCHUS  discovered  the  moon's  parallax,  depends  too 
much  upon  the  measurement  of  the  cAsoluie  zenith  distances  to 
admit  of  any  great  degree  of  accuracy. 

♦  Attrommuehe  NaeKriehUn^  No.  82S.  f  ^^^»  No.  888. 
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the  mean  semidiameters  of  the  planets. 

485.  The  apparent  equatorial  semidiameter  of  a  planet  when 
its  distance  from  the  earth  is  equal  to  the  earth's  mean  distance 
from  the  sun  is  the  constant  from  which  its  apparent  semidiameter 
at  any  other  distance  can  he  found  hy  the  formula 

s  =  J  (715) 

in  which  s^  is  the  mean  semidiameter  and  J  the  actual  distance 
of  the  planet  from  the  earth,  the  semi-mtgor  axis  of  the  earth's 
orhit  heing  unity.  To  find  the  value  of  s^  from  the  values  of  s 
ohserved  at  different  times,  we  have  then  only  to  take  the  mean 
of  all  its  values  found  hy  the  formula 

s,  =  8A  (716) 

taking  J  from  the  tahles  of  the  planet  for  each  observation. 

But  here  it  is  to  be  remarked  that,  in  micrometric  measures 
of  the  apparent  diameter  of  a  planet,  different  values  will  be 
obtained  by  different  observers  or  with  different  instruments. 
The  spurious  enlargement  of  the  apparent  disc  arising  from 
imperfect  definition  of  the  limb,  or  from  the  irradiation  resulting 
from  the  vivid  impression  of  light  upon  the  eye,  will  vary  with 
the  telescope,  and  may  also  vary  for  the  same  telescope  when 
eye  pieces  of  different  powers  are  employed.  The  irradiation 
may  be  assumed  to  consist  of  two  parts,  one  of  which  is  constant 
and  the  other  proportional  to  the  semidiameter.  Those  errors 
of  the  observer  which  are  not  accidental  may  also  be  supposed  to 
consist  of  two  parts,  one  constant  and  the  other  proportional  to 
the  semidiameter;  the  first  arising  from  a  faulty  judgment  of  a 
contact  of  a  micrometer  thread  with  the  limb  of  the  planet,  the 
second,  from  the  variations  in  this  judgment  depending  on  the 
magnitude  of  the  disc  observed,  and  possibly  also  upon  any 
peculiarity  of  his  eye  by  which  the  irradiation  is  for  him  not  the 
same  quantity  as  for  other  observers.  With  the  errors  proportional 
to  the  semidiameter  will  be  combined  also  any  error  in  the  sup- 
posed value  of  a  revolution  of  the  micrometer.  The  errors  of 
the  two  kinds  will,  however,  be  all  represented  in  the  formula 

s,=  (8  +  x  +  8y)J  (717) 

where  z  is  the  sum  of  all  the  constant  corrections  which  the 
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observed  value  s  requires,  and  sy  is  the  sum  of  all  those  which 
are  proportional  to  s.    Now,  let 

8^  =  an  assumed  value  of  8^, 
ds^  =  the  unknown  correction  of  this  value 

then  the  above  equation  may  be  written 

0  =  a  J  —  8^  +  xA  +  8yA  —  <f«j 

But  syA  will  be  sensibly  the  same  as  sjf.  It  will,  therefore,  be 
constant,  and  will  combine  with  dSy  We  shall,  therefore,  put  z 
for  syA  —  (foj,  and  then,  putting 

n  =  « J  —  «j 

our  equations  of  condition  will  be  of  the  form 

rr  J  +  2  +  n  ==  0  (718) 

from  all  of  which  x  and  ^  may  be  found  by  the  method  of  least 
squares.  But  it  will  be  impossible  to  separate  the  quantity  &, 
from  z  ;  we  can  only  put 

whereas  we  have,  for  the  true  value, 
or 

«a=(«o)a+y)  (719) 

and  then,  if  any  independent  means  of  finding  y  are  discovered, 
the  true  value  of  s^  can  be  computed. 

THE   ABERRATION   CONSTANT  AND  THE  ANNUAL   PARALLAX   OF  FIXED 

STARS. 

486.  The  constant  of  aberration  is  found  by  (669)  when  we 
know  the  velocity  of  light  and  the  mean  velocity  of  the  earth  in 
its  orbit.  The  progressive  motion  of  light  was  discovered  by 
RoBMBR,  in  the  year  1675,  from  the  discrepancies  between  the 
predicted  and  observed  times  of  the  eclipses  of  Jupiter's  satellites. 
He  found  that  when  the  planet  was  nearest  to  the  earth  the 
eclipses  occurred  about  8"*  earlier  than  the  predicted  times,  and 
when  farthest  from  the  earth  about  8"  later  than  the  predicted 
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times.  The  planet  was  nearer  the  earth  in  the  first  position  than 
in  the  second  by  the  diameter  of  the  earth's  orbit;  and  hence 
EoEMER  was  led  to  the  true  explanation  of  the  discrepancy, — 
namely,  that  light  was  progressive  and  traversed  a  distance  equal 
to  the  diameter  of  the  earth's  orbit  in  about  16~.  More  recently, 
Delambre,  from  a  discussion  of  several  thousand  of  the  observed 
eclipses,  found  8"*  13*.2  for  the  time  in  which  light  describes  the 
mean  distance  of  the  earth  from  the  sun.     From  this  quantity, 

which  is  denoted  by  — »  Art.   395,  we   obtain   the   aberration 

constant  by  the  formula 

k  = C720) 

Hence,  with  the  values  -|r  =  493'.2,  T=  366.256,  n  =  86164, 

e  =  0.01677,  we  find  k  =  20".260.  Delambre  gives  20".255, 
which  would  result  from  the  above  formula  if  we  omitted  the 


factor  \/l  —  e^,  as  was  done  by  Delambre. 

On  account  of  the  uncertainty  of  the  observations  of  these 
eclipses  (resulting  from  the  gradual  instead  of  the  instantaneous 
extinction  of  the  light  reflected  by  the  satellite),  more  confidence 
is  placed  in  the  value  derived  from  direct  observation  of  the 
apparent  places  of  the  fixed  stars. 

437.  To  find  the  aberration  constant  by  observations  of  fixed  stars. — 
Observations  of  the  right  ascension  of  a  star  near  the  pole  are 
especially  suitable  for  this  purpose,  because  the  effect  of  the 
aberration  upon  the  right  ascension  is  rendered  the  more  evident 
by  the  large  factor  sec  5  with  which  in  (678)  the  constant  is 
multiplied.  The  apparent  right  ascension  should  be  directly 
observed  at  diflTerent  times  during  at  least  one  year,  in  which 
time  the  aberration  obtains  all  its  values,  from  its  greatest  positive 
to  its  greatest  negative  value.  If  we  suppose  but  two  observa- 
tions made  at  the  two  instants  when  the  aberration  reaches  its 
maximum  and  its  minimum,  the  earth  at  these  times  being  in 
opposite  points  of  its  orbit,  and  if  a'  and  a"  are  the  apparent 
right  ascensions  at  these  times  (freed  from  the  effects  of  the 
nutation  and  the  precession  in  the  interval  between  the  observa- 
tions), we  shall  have 

A  =  i  (a'  —  a")  cos  d 
Vol.  I.     " 


690  CONSTANT   OF  ABERRATION. 

But,  not  to  limit  the  observations  to  these  two  instants,  let  ns 
take,  for  any  time, 

a  =  the  assumed  mean  right  ascension  of  the  star  -f-  the 

nutation  -f  proper  motion, 
a'  =  the  observed  right  ascension, 

and,  further,  let 

Aa  =  the  correction  of  the  assumed  mean  right  ascension, 
A  A:  =  the  correction  of  the  assumed  aberration  constant, 

then,  by  (678),  we  have 

a'  =  a  +  Aa  —  (A  -f  aA:)  (COS  ©  COS  e  COS  a  -f  sin  ©  sin  a)  sec  3 

or,  putting 

m  sin  ilf  =  sin  a 

m  cos  M  =  cos  a  cos  c 

•'  =  a  +  Aa  —  (A:  +  A*)  m  cos  (Q  —  30  sec  d  (721) 

Hence,  collecting  the  known  quantities,  and  putting 

a  =  —  m  cos  (©  —  M)  sec  d 
n  =  a  -{-  ak  —  a' 

we  have  the  equation  of  condition 

a^k  +  6.a  +  n  =  0  (722) 

Every  observation  throughout  the  year  being  employed  to  form 
such  an  equation,  we  can  deduce  from  all  the  equations,  by  the 
method  of  least  squares,  the  most  probable  values  of  Ak  and  Aa. 
Those  observations  will  have  the  greatest  weight  in  determining 
aA,  which  are  near  the  positive  and  negative  maxima  of  the 
aberration,  where  the  coefficient  a  has  its  greatest  numerical 
values.  These  maxima  occur  for  cos  (Q  —  M)  =  — - 1  and  cos 
(O—  Jlf)  =  +  1 ;  that  is,  for  ©  =  180®  +  Jlf  and  Q  =  M. 

In  this  method  it  is  assumed  that  the  precession  and  nutation 
are  so  well  known  that  the  relative  values  of  a  are  correct,  or, 
in  other  words,  that  they  are  in  error  only  by  some  quantity 
common  to  them  all  and  denoted  by  —  Aa.  Since  the  aberra- 
tion completes  its  period  in  one  year,  the  probable  errors  of  the 
present  values  of  the  precession  and  the  nutation  constants  will 
not  become  sensible  in  the  investigation  of  the  aberration  if  the 
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observations  of  each  year  are  separately  discussed.  The  period 
of  the  leading  terms  of  the  nutation  being  only  nineteen  years, 
if  we  extend  the  observations  for  aberration  over  a  considerable 
portion  of  this  period,  it  will  be  proper  to  introduce  into  our 
equations  of  condition  a  term  involving  the  -correction  of  the 
nutation  constant,  as  will  be  seen  hereafter. 

438.  The  declinations  may  also  be  employed  for  determining 
the  aberration.    If  we  put 

d  =  the  assumed  mean  declination  -f-  the  natation, 
aJ  =  the  correction  of  this  value. 
d'  =  the  observed  value, 

we  have,  by  (678), 

a'  =  ^  -f  A^  —  (A  +  £kk)  [(sin  e  cos  ^  —  cos  c  sin  ^  sin  a)  cos  O 
-f-  sin  d  cos  a  sin  O] 
or,  putting 

m'  sin  M*  =  sin  d  cos  o, 
w!  cos  M*  =  cos  ^  sin  e  —  sin  d  cos  e  sin  « 
and  then 

a'=  — m'cos(0  — ilf') 

n'=      ^  4-  a'A  —  d' 

the  equation  of  condition  is 

a'AA  + Aa  +  n'  =  0  (728) 

489.  If  the  pole  star  is  employed,  which  has  a  sensible  annual 
parallax,  or  any  star  whose  parallax  is  even  suspected,  it  will  be 
proper  to  introduce  into  the  equations  of  condition  a  term  which 
represents  its  effect.  We  have,  by  (691),  introducing  the  above 
auxiliaries, 

par.  in  'R.A.=  +  prm  sin  (Q  —  M)  sec  d 
par.  in  dec.   =  +  pr  m'  sin  (O  —  Jf' ) 

and  hence  the  equation  of  condition  from  the  right  ascension 
will  be 

aAk  +  bp  +  Aa  +  n  =  0  (724) 

and,  from  the  declination, 

a'/^k  +Vp+£,d  +  n'=  0  (725) 
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in  whicli 

b  =zrm  sin  (O  —  ^)8ec  d 
6' =rm' sin  (0  —  -af') 

The  solution  of  the  equations  will  now  determine,  not  only  cJt 
and  either  Aa  or  a^,  but  also  the  parallax  p. 

440.  It  was  by  comparing  the  declinations  deduced  from  the 
meridian  zenith  distances  of  stars,  and  more  especially  of  the 
star  Y  DracoTiiSj  that  Bradley  discovered  the  aberration.  The 
constant  deduced  from  his  observations  by  Busch  is  20".2116. 

Stbuvb's  value  of  the  constant  was  derived  from  the  declina- 
tions of  seven  stars  observed  with  a  transit  instrument  in  the 
prime  vertical.*.  The  term  representing  the  parallax  was  re« 
tained  in  the  equations  of  condition,  but  merely  to  show  the 
effect  of  parallax  should  it  exist.  This  effect  was  in  every  case 
small,  and,  moreover,  for  the  different  stars  had  not  always  the 
same  sign:  so  that  he  found  the  mean  value  of  the  constant 
from  all  the  stars  would  not  be  changed  as  much  as  0".006  by 
any  probable  parallax.  On  account  of  the  extraordinary  pre- 
cision of  this  determination  of  the  aberration,  I  here  quote  the 
individual  results  and  their  probable  errors  from  the  Astrono- 
ndsche  Nachrichtmj  Vol.  XXI.  p.  68. 


Abemtion 

Ptobftble 

Congtant. 

Error. 

V  Ursa  Maj. 

20".4571 

0".0303 

«  Draconis 

20  .4792 

0  .0224 

i  Gassiopeiee 

20  .4559 

0  .0462 

0  Draconis 

20  .4089 

0.0229 

b  Draconis 

20  .5036 

0  .0322 

P.  XIX.  871 

20  .3947 

0.0333 

fi  Cassiopeice 

20  .4227 

0  .0362 

whence,  having  regard  to  the  probable  errors,  the  mean  was 
found  20".4451  with  the  probable  error  0".0111  =  ^  of  a  second 
of  arc. 

Other  modem  determinations  of  the  constant  of  aberration 
agree  in  giving  a  greater  value  than  was  found  by  Delambrb 
from  the  eclipses  of  Jupiter's  satellites.     Thus,  Lindenau  found 

*  See  Vol.  n.  Determination  of  the  deolinations  of  stars  by  their  transita  oTer 
ixe  Prime  Vertical,  Arts.  188  et  ieq. 
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from  the  right  ascensions  of  the  pole  star  k  =  20'^4486,  and  the 
annual  parallax  of  the  star  =  0'M444 ;  Petbrs,  from  six  hundred 
and  three  equations  of  condition,  formed  upon  the  right  ascen- 
tiions  of  the  pole  star,  observed  at  Dorpat  in  the  years  1822  U* 
1838,  found  k  =  20".4255,  with  the  annual  parallax  =  0'M724 ; 
LuNDAHL,  from  one  hundred  and  two  observed  declinations  of 
this  star,  found  k  =  20".5608,  and  the  parallax  =  0'M473 ;  and 
Peters,  from  two  hundred  and  seventy-nine  declinations  of 
the  same  star,  observed  with  the  Repsold  vertical  circle  of  Ihe 
Pulkova  Observatory,  found  k  =  20".603,  and  the  parallax 
=  0".067*. 

The  parallax  is  so  small  a  quantity  that  the  discrepancie« 
between  these  several  values  appear  to  be  relatively  great: 
nevertheless,  we  must  consider  them  as  surprisingly  small  when 
we  remember  that  all  these  determinations  rest  upon  observa- 
tions of  the  absolute  place  of  the  star.  Differential  measures  of 
the  changes  of  a  star's  place  with  the  micrometer  are  susceptible 
of  greater  refinement.  Such  a  method  I  proceed  to  give  in 
the  next  article. 

441.  To  find  the  relative  parallax  of  two  stars  by  micrometrie 
measures  of  their  apparent  angular  distance. — ^It  was  first  suggested 
by  the  elder  Herschel  that  if  the  absolute  linear  distances  of 
two  neighboring  stars  from  our  solar  system  were  very  unequal, 
their  apparent  angular  distance  from  each  other  as  seen  frx)m 
the  earth  would  necessarily  vary  as  the  earth  changed  its  posi- 
tion in  its  orbit.  If  one  of  the  stars  were  so  remote  as  to  have 
no  sensible  parallax,  changes  in  this  apparent  distance  (provided 
they  followed  the  known  law  of  parallax)  might  be  ascribed 
solely  to  the  parallax  of  the  nearer  star ;  and  in  any  ease  such 
changes  might  be  ascribed  to  the  relative  parallax ;  that  is,  to 
the  difference  of  the  parallaxes  of  the  two  stars. 

For  the  trial  of  this  method  Bbssbl  judiciously  selected  the 
star  61  Cj/ffnij  near  which  are  two  much  smaller  stars  (at  dis- 
tances from  it  of  about  8'  and  12'  respectively),  and  from  a 
series  of  micrometrie  measures  of  its  angular  distance  from 
each,  extending  through  a  period  of  more  than  a  year,  namely, 
from  August  18,  1837,  to  October  2,  1838,  obtained  the  first 
clearly  demonstrated  parallax  of  a  fixed  star.f    A  subsequent 

*Aitron,  Nach,,  Vol.  XXIL  p.  119.  f  I^^^-  No.  866. 
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seriea  extending  from  October  10,  1888,  to  March  23,  1840, 
fully  confirmed  the  parallax,  only  slightly  increasing  its 
amount.*  The  first  series  gave  the  annual  parallax  0".81S6; 
the  final  result  from  both  series  is  0".87,  with  a  probable  error 
of  ±  0".01. 

In  the  selection  of  this  star,  it  was  presumed,  in  accordance 
with  the  conception  of  Hbrschbl,  that  61  Cygrd^  being  between 
the  fifth  and  sixth  magnitudes,  was  much  nearer  than  the  com- 
parison stars,  which  were  both  between  the  ninth  and  tenth 
magnitudes.  A  still  stronger  presumption  in  favor  of  its 
proximity  was  found  in  its  great  proper  motion,  which  is  among 
the  greatest  yet  observed.  Moreover,  it  is  a  double  star,  and  the 
distance  of  the  middle  point  of  the  line  joining  its  two  compo- 
nents, from  each  of  the  comparison  stars,  could  be  more  accu- 
rately observed  with  the  heliometer  than  the  distance  of  two 
simple  stars.f 
The  following  is  Bessel's  method  of  reducing  these  observa- 
tions. 

Let  A  be  the  star  (Fig.  61)  whose  parallax  is  sought, 
(if  a  double  star,  A  will  denote  the  middle  point  be- 
tween  its  components) ;  B  the  comparison  star ;  P  the 
pole  of  the  equator.  The  observations  will  be  reduced 
to  some  assumed  epoch,  as  the  beginning  of  one  of  the 
years  over  which  the  series  extends.    For  this  epoch  let 

8  =  the  distance  AB^ 
P  =  the  position  angle  of  the  star  B  hi  A  =  PAB, 
a,  ^  =  the  mean  right  ascension  and  declinatioD  of  A, 
p  =  the  relative  annual  parallax  of  il  and  B. 

If  A'  is  the  position  of  the  star  at  the  time  of  an  observation, 
as  affected  by  parallax,  it  is  easily  seen  that  the  increase  of  the 

«  Aitron.  Naeh,,  No.  401. 

f  The  obseryations  were  made  with  the  great  heliometer  of  the  Kdnigsberg  Obser- 
fatory.  The  distance  of  two  simple  stars  is  measured  with  this  instrument  bj 
bringing  the  image  of  one  star,  formed  by  one  half  of  the  object  glass,  into  comei- 
dence  with  the  image  of  the  other  star,  formed  by  the  other  half  of  the  object-glass. 
When  one  of  the  stars  is  double,  the  image  of  the  simple  star  is  brought  to  the 
middle  point  of  the  line  joining  the  components  of  the  double  star.  This  point  of 
bisection  can  be  more  accurately  judged  of  by  the  eye  than  the  coincidence  of  two 
superposed  images,  when  the  distance  bisected  is  within  certain  limits.  In  the 
present  case  it  was  16". 
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distance  AB  or  A'B  —  AB^  which  will  he  denoted  hy  a5,  is 
given  by  the  difterential  formula 

A5  =  —  Aa  eofl  ^ .  sin  P  —  a^  cos  P 

where  Aa  and  a5  are  respectively  the  parallax  in  right  ascension 
and  declination,  which  are  given  by  (691).  Substituting  these 
values,  and  then  assuming  the  auxiliaries  m  and  Jtf,  such  that 

m  cos  M  =-.        Bin  a  sin  P  +  cos  a  sin  9  cos  P 
m  sin  ilf  =  ( —  cos  a  sin  P  +  sin  a  sin  d  cos  P)  cos  c 

—  cos^  cosPsin  c 
we  have 

A«  =  prm  cos  (O  —  M)  (726) 

The  eftect  of  the  proper  motion  of  A  upon  the  distance  is 
found  as  follows.     Let 

j^  =  the  angle  which  the  great  circle  in  which  the  star 

moves  makes  with  the  declination  circle, 
p  =  the  annual  proper  motion  on  the  great  circle, 
a'q  a'^  =  the  given  proper  motion  in  right  ascension  and 
declination,  reduced  to  the  assumed  epoch  (Art. 
379); 

then,  as  in  Art.  380,  we  find  p  and  jf  by  the  formulas 

p  sin  X  =  a'*  cos  d  1     n¥I\ 

p  CQ^X  =  ^'^  / 

Let  r  be  the  time  of  any  observation  reckoned  from  the  assumed 
epoch  and  expressed  in  fractional  parts  of  a  year.  In  the  above 
diagram,  if  A  A'  now  represents  the  proper  motion  on  a  great 
circle  in  the  time  r,  then  AA'=zp\  and,  if  the  effect  of  the 
proper  motion  upon  the  distance  is  denoted  by  a'5,  we  have  also 
A'B  =  5  +  a'5,  A'AB  =  P  —  /,  and  the  triangle  AA'B  gives 

cos  (5  +  ^'0  =  COS  (jp)  ^^^  *  +  si'^  (jp)  sin  s  cos  (P — /) 

Developing  this  equation,  and  retaining  only  second  powers  of  r/>, 
we  find 
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in  which  r  is  the  only  variable.     Taking  then  for  the  constants 

/  =  ~^cos(P-/) 

f^Bin^(P^x)  [    (728) 


] 


the  computation  of  the  correction  for  each  observation  is  readily 
made  by  the  formula 

The  assumed  proper  motion  may,  however,  be  in  error ;  and 
there  may  also  be  errors  in  the  observed  distances  which  are 
proportional  to  the  time  (such  as  any  progressive  change  in  the 
value  of  the  micrometer  screw,  &c.).  The  correction  for  all  such 
errors  may  be  expressed  by  a  single  unknown  correction  p  of 
the  coefficient/,  so  that  we  shall  take 

A's  =  (/+y)T+/'rr  (729) 

The  corrections  of  micrometric  measures  for  the  effects  of 
aberration  and  refraction*  are  treated  of  in  Vol.  11.  Chapter  X. 
We  shall,  therefore,  suppose  these  corrections  to  have  been 
applied,  and  shall  take 

g^  =  the  observed  distance  at  the  time  t,  corrected  for  differ- 
ential aberration  and  refraction, 

cmd  then  we  shall  have 

^^  =  «  +  A«  +  A'a  (730) 

This  equation  involves  three  unknown  quantities,  namely,  the 
distance  5,  the  parallax  involved  in  a5,  and  the  correction  y  in- 
volved in  a'^.  Let  Sq  be  an  assumed  value  of  s  nearly  equal  to 
the  mean  of  the  values  of  «',  and  put 

«  =  «j  -f-  a: 

The  substitution  of  this  in  our  equations  of  condition  will  in- 
troduce the  small  unknown  quantity  x  in  the  place  of  the  larger 

*  These  effects  are  only  differential,  and  so  small  that  the  errors  in  the  total  refkvo- 
tion  and  aberration  may  safely  be  assumed  to  haye  no  sensible  influence.  It  is  slso 
an  adyantage  of  this  method  of  finding  the  parallax  of  a  star,  that  it  is  ftee  finom 
the  errors  of  the  natation  and  precession,  which,  being  only  changes  in  the  position 
•f  the  circles  of  reference,  haye  no  effect  whateyer  upon  the  apparent  dintance  of 
two  stars. 
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one  &,  and  will  thus  facilitate  the  computations.  When  all  the 
substitutions  are  made  in  the  expression  of  s^  we  obtain  the 
following  equation : 

0  =  8^  —  8'  +fT  +/'rr  ^  X  +  Ty  +  prm  cos  (©  —M) 

to  put  this  in  the  usual  form,  let  us  take 

n  =  s,^8f+fT+frT 
c  =  rm  cos  (O  —  M) 

then  each  observation  gives  the  equation 

x  +  ry  +  cp  +  n  =  0  f  781) 

and  from  all  these  equations  we  find,  by  the  method  of  least 
squares,  the  most  probable  values  of  x,  y,  and  p. 

In  the  determination  of  so  small  a  quantity  as  py  it  is  neces- 
sary to  give  to  the  micrometric  measures  the  greatest  possible 
precision.  It  is  particularly  important  to  find  the  effectc  of  tem- 
perature upon  the  micrometer  screw;  for  these  effects,  depending 
on  the  season,  have  a  period  of  one  year,  like  the  parallax  itself, 
and  may  in  some  cases  so  combine  with  it  as  completely  to 
defeat  the  object  of  the  observations.  At  the  time  Bessel  pub- 
lished his  discussion  of  his  observations  on  61  Q/gni^  he  had  not 
completed  his  investigations  of  the  effect  of  temperature  upon 
the  screw,  and  therefore  introduced  an  iDdeterminate  quantity  k 
into  his  equations  of  condition,  by  which  the  effect  upon  the 
parallax  might  be  subsequently  taken  into  account  when  the 
coiTection  for  temperature  was  definitively  ascertained.  This 
was  done  as  follows.  He  had  assumed  the  correction  of  a 
measured  distance  for  the  temperature  of  the  micrometer  screw 
to  be 

a"«  =  —  0".0003912  «  (t  —  49*>.2) 

in  which  i  is  the  temperature  by  Fahrenheit's  scale,  and  s  is  ex- 
pressed in  revolutions  of  the  screw.  K  the  coefficient  0".0008912 
should  be  changed  by  subsequent  investigations  to  0".0008912 
X  (1  +  k)y  each  observed  distance  would  receive  the  correction 
£k"s.ky  the  quantity  n  in  the  equations  of  condition  would 
become  n  —  ^''s.k^  and  the  equations  would  take  the  form 

ic  -f  ry  +  cj>  —  A"« .  A:  4-  n  =  0  (732) 
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The  quantity  k  being  left  indeterminate,  a;,  y,  and  p  were  fonnd 
as  functions  of  it.     The  value  of  p  was  thus  found  to  be 

=  0".3483  —  0".0533  A:,  with  the  mean  error  ±  0".0141 
The  final  result  of  his  investigation  of  the  micrometer  gives* 

*  =  —  0.4893  with  the  mean  error  db  0.0903 
and  hence  the  corrected  value  of  the  parallax 

=  0".3744  with  the  mean  error  d:  0".0149 

If  this  result  had  been  deduced  by  comparison  with  but  one 
star,  it  could  only  be  received  as  the  relative  parallax.  Bsssel, 
however,  employed  two  stars  whose  directions  from  QlOjgm 
were  nearly  at  right  angles  to  each  other,  and  found  nearly  tiie 
same  parallax  from  both;  whence  it  follows  either  that  both 
these  stars  have  the  same  sensible  parallax,  or,  which  is  more 
probable,  that  both  are  so  distant  as  to  exhibit  no  sensible 
parallax.  This  conclusion  would  be  confirmed  if  a  comparison 
with  other  surrounding  stars  gave  the  same  parallax,  especially 
if  these  were  of  different  magnitudes ;  for  it  would  be  in  the 
highest  degree  improbable  that  all  these  stars  were  at  the  same 
distance  from  our  solar  system. 

THE   NUTATION   CONSTANT. 

442.  To  find  the  constant  of  nutation  from  the  observed  right  ascen- 
sions or  declinations  of  a  fixed  star. — In  Art.  487  it  was  assumed 
that  the  observations  by  which  the  aberration  constant  was  de* 
termined  extended  over  only  a  year  or  two :  so  that  the  nutation 
affected  all  the  observations  by  quantities  which  differed  so  little 
that  any  error  in  the  total  nutation  would  not  sensibly  affect  the 
determination.  When  the  observations  are  extended  over  a 
longer  period,  we  may  introduce  into  the  equations  of  condition 
an  additional  term  for  the  correction  of  the  nutation.  As  before, 
let  the  mean  right  ascensions  and  declinations  be  reduced  to 
their  apparent  values  at  the  time  of  each  observation  by  means 

*  Aooordiog  to  Pktkrs  in  the  Aitnm,  Ndeh,  JBrgdngw^i-K^,  p.  66 ;  deriTed  ttom 
Bk88Sl'8  A»tr<momitche  Untertuehungm^  Vol.  I.  p.  125. 
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of  an  assumed  aberration  and  nutation,  and  denote  these 
apparent  values  by  a  and  8^  and  put 

Ay  =  the  correction  of  the  natation  constant, 
a,  d'  =  the  observed  right  ascension  and  declination; 
then 

a'  =  a  +  Ha  -\-  aAk  -{-  bp  '\'  C^v 

^'  =  a  +  Ad  +  a'AA:  +  Vp  +  c'av  (788) 

in  which,  as  before,  Aa  and  a^  are  the  corrections  of  the  star's 
mean  place,  aA-  the  correction  of  the  aberration  constant,  p  the 
star's  annual  parallax,  a  and  6,  a'  and  b'  are  the  coefficients 
found  in  Arts.  437,  438,  and  439.  It  only  remains  to  express  c 
and  c'  in  terms  of  known  quantities. 

In  the  physical  theory,  it  is  shown  that  the  coefficients  of  those 
terms  of  the  nutation  formulae  (666)  which  depend  upon  2©, 
Q  —  Py  and  Q  +  F  involve  not  only  the  nutation  constant  (the 
coefficient  of  cos  Q ),  but  also  the  precession  constant ;  while  all 
the  other  coefficients  vary  proportionally  to  the  coefficient  of 
cos  JJ .    If  we  put 

1/  =  the  assumed  nutation  constant, 

v'=  the  true  "  "         =  v  -f-  av 

and  if  we  express  the  relation  between  i^  and  i^'  by  the  equation 

.'=v(l  +  0 

and,  in  like  manner,  suppose  the  true  precession  constant  to  be 

4  =  50".3798  (1  +  C) 

then,  according  to  Peters,*  the  formulse  (666),  adapted  for  any 
value  of  the  constants,  are  for  1800, 

A«  =  (1  + 1)  [9".2231  cos  Si  —  0".0897  cob  2^1  +  0".0886  cos  2C  ] 

-f  (1  —  2.162 1  +  8.162  C)  [0".5610  oos  2©  +  0".0098  cob  (Q  +  Z')] 
AX  =  (1  +  i)  [—  17".24068in  Q  -f  0".2078  Bin  2$^  —  0".2041  Bin  2^ 

+  0".0677sin(C  —  O] 

+  (1  —  2.162 1  +  8.162  C)  [— 1".2694  sin  2  ©  +  0".1279  Bin  (Q  —  r) 

—  O".O218Bin(0  +  r)] 

*  Numeriu  Constatu  Nutationit^  p.  46.  We  hare  omitted  Bome  termB  which  ate 
inappreciable  or  of  yery  short  period.  This  omiBsion  will  not  afifect  the  accuracy  of 
the  determination  of  the  quantity  y. 
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The  effect  which  any  probable  correction  of  the  precession 
constant  can  have  upon  the  very  small  terms  of  these  formula  is 
not  only  itself  very  small,  but  must  entirely  disappear  when  a 
great  number  of  observations  extending  over  a  number  of  years 
are  combined,  since  the  principal  terms  which  are  affected  by 
the  precession — namely,  those  in  2q — ^have  a  period  of  only 
six  months.  We  can,  therefore,  here  assume  f  =  0.  In  the 
formulse  for  the  nutation  in  right  ascension  and  declination  (668), 
the  terms  in  the  first  four  lines  will  be  multiplied  by  1  +  i,  and 
those  in  the  last  tliree  lines  by  1  —  2.162 1;  so  that,  if  we  denote 
by  ^  the  sum  of  the  corrections  in  R.  A.  contained  in  the  first 
four  lines,  by  x  the  sum  of  the  remaining  corrections,  and  the 
coresponding  corrections  in  dec.  by  ^  and  x\  we  shall  have 

Nutation  id  R  A.  =  (1  +  i)  ^  +  (1  —  2.162 1)  r 
*'         «  Dec.  =  (1  +  0  /?'  +  (1  —  2.162 1)  f 


or 


Nutation  in  R  A.  ==  ^9  +  ^  +  (^  —  2.162  ^  )  i 
«         "  Dec.  =  /?'+  /+(/?'—  2.162  /)  t 


in  which  ^  +  x  ^^^  ^'  +  f   express   the   nutation    computed 
according  to  the  assumed  constant.     Hence  we  derive 


c£iv  =  cvi  =  {fi  —  2.162  T-)! 
(/Ay  =  <fvi  =  (/5'—  2.162/)  t 


and,  consequently, 


/?  —  2.162  r 

'  .    (7343 

^^/9^~  2.162  r^ 


which  will  be  readily  computed  for  each  observation  if  the  lunar 
nutation  (^,  ^')  and  the  solar  nutation  (;*,  y')  have  been  separately 
computed,  as  they  usually  are.  All  the  equations  of  the  form 
(733),  whether  constructed  upon  the  right  ascensions  or  the 
declinations,  or  both,  will  then  be  treated  by  the  method  of 
least  squares,  and  the  most  probable  values  of  Aa,  aA:,  p^  and  ap 
will  be  found. 

In  this  manner  Busch,*  from  Bradley's  observations  of  the 
declinations  of  twenty-three  stars,  made  in  the  years  1727  to 

«  A9tron,  Naeh,,  No.  809. 
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1747,  and  embracing,  therefore,  a  whole  period  of  the  nutation, 
found  k  =  20".2116,  v  =  9".2320.  In  this  discussion  the  parallax 
of  the  stars  was  not  taken  into  account. 

Nearly  the  same  value  of  the  nutation  constant  follows  from 
the  more  recent  observations  at  the  Pulkova  Observatory.  From 
the  declinations  of  the  pole  star  observed  between  1822  and 
1838,  LuNDAHL  found  v  =  9".2164,  and  from  the  right  ascensions 
of  the  same  star  Peters  found  9".2361.  The  value  9".2281, 
which  Peters  has  adopted  in  the  Numerus  Constans  NutaiioniSy  is 
the  mean  of  the  three  values  found  by  Busch,  Lundahl,  and 
himself,  having  regard  to  the  weights  of  the  several  determina- 
tions  as  given  by  their  probable  errors. 

the  precession  constant. 

443.  If  ttp  ^1,  and  a^,  8^  are  the  mean  right  ascensions  and 
declinations  of  the  same  star,  deduced  from  observation  at  two 
distant  epochs  <i  and  ^j,  by  deducting  from  the  observed  value? 
the  aberration  and  nutation,  the  annual  variations  of  the  right 
ascension  and  declination  for  the  mean  epoch  J  (^^  +  Q  will  be 

«=T^  6  =  ^«  (735) 

These  annual  variations  include  both  the  precession  and  the 
proper  motion  of  the  star ;  and,  since  both  are  proportional  to 
the  time,  it  will  be  impossible  to  distinguish  the  proper  motion 
until  the  precession  is  obtained.  If,  however,  we  suppose  that 
the  proper  motions  of  the  different  stars  observe  no  law,  or  that 
they  take  place  indiscriminately  in  all  directions,  it  will  follow 
that  the  mean  value  of  the  precession,  deduced  from  such  annual 
variations  of  a  very  large  number  of  stars,  will  be  free  from  the 
eflfect  of  the  proper  motions.  The  latter  are,  in  fact,  so  various 
in  direction,  although,  as  will  hereafter  be  shown,  not  entirely 
without  law,  that  this  mode  of  proceeding  must  lead  at  least  to 
an  approximation  not  very  far  from  the  truth.  Accordingly, 
from  the  a  and  6,  found  as  above  for  each  star,  we  derive  the 
m  and  n  of  Art.  374,  by  the  equations* 

*  Both  m  and  n  may  be  foand  from  the  right  ascensions  alone  by  forming  equations 

of  the  form 

m  -\-  n  ain  a^  tan  ^q=^  a 

firom  a  number  of  stars  and  soWing  them  by  the  method  of  least  squares. 
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m  +  n8inaotan^,=  a  ) 

noes  a,  =b  j    (^^^> 

in  which  a^  and  8^  are  taken  for  the  mean  epoch  J  (<i  +  t|).    And 
from  the  m  and  n  thus  found  we  have,  by  (661), 

;     (737) 
df 
In  which  —  is  the  annual  luni-solar  precession  (or  the  precession 

constant),  and  —  the  annual  planetary  precession.    But  —  is 

very  accurately  obtained  theoretically  by  substituting  the  known 
masses  of  the  planets  in  the  general  formula  deduced  from  the 

theory  of  gravitation :  so  that  a  value  of  the  precession  —  may 

be  derived  both  from  m  and  from  n.   In  these  formulae,  the  value 
of  «i  is  to  be   employed  as  given  by  (646)    for   the    epoch 

'  =  i(<i+«. 

Having  thus  obtained  a  preliminary  value  of  the  precession, 
the  quantities  m  +  ^  sin  Oq  tan  d^  and  ncoso^,  computed  from  it 
for  each  star,  can  be  compared  with  the  a  and  b  found  by  (735), 
and  the  differences  which  exceed  the  probable  errors  of  observa- 
tion may  be  regarded  as  resulting  from  the  proper  motion  of  the 
star.  Those  stars  which  are  found  to  have  a  very  large  proper 
motion  are  then  to  be  excluded  from  the  investigation ;  and  from 
the  remaining  ones  a  more  accurate  value  of  the  precession  will 
be  obtained. 

In  this  way,  Bessel,  from  2300  stars  whose  places  were  deter- 
mined by  Bradley  for  1755  and  by  Piazzi  for  1800,  found  the 
precession  constant  for  the  year  1750  to  be  50".37572,  and  for 
1800,  50". 36354.*  In  this  investigation  those  stars  were  ex- 
cluded which  in  the  preliminary  computation  exhibited  annual 
proper  motions  exceeding  0".3. 

See  also  Article  445. 


*  FundameiUa  Attronomm,  p.  297,  where  the  value  6(K'.840499  is  found ;  and 
AatrofL  Naeh,f  No.  92,  where  the  yalue  is  increased  to  60".87672. 
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444.  With  a  knowledge  of  the  precession  we  are  enabled  to 
distinguish  proper  motions  in  a  large  number  of  stars.  Upon 
comparing  these  proper  motions,  Sir  W.  Herschel  was  the  first 
to  observe  that  they  were  not  without  law,  that  they  did  not 
occur  indiscriminately  in  all  directions,  but  that,  in  general,  the 
stars  were  apparently  moving  towards  the  same  point  of  the 
sphere,  or  from  the  diametrically  opposite  point  The  latter  point 
he  located  near  the  star  jl  Herculis,  This  common  apparent 
motion  he  ascribed  to  a  real  motion  of  our  solar  system,  a  con- 
clusion which  has  since  been  fully  confirmed. 

Nevertheless,  there  are  many  stars  whose  proper  motions  are 
exceptions  to  this  law :  these  must  be  regarded  as  motions  com- 
pounded of  the  real  motions  of  the  stars  themselves  and  that  of 
our  sun.  These  real  motions  must,  doubtless,  also  be  connected 
by  some  law  which  the  future  progress  of  astronomy  may 
develop  ;*  but  thus  far  they  present  themselves  in  so  many  direc- 
tions that  (like  the  whole  proper  motion  in  relation  to  the 
precession)  they  may  be  provisionally  treated  as  accidental  in 
relation  to  the  common  motion.  Hence,  for  the  purpose  of 
determining  the  common  point  from  which  the  stars  appear  to 
be  moving,  and  towards  which  our  sun  is  really  moving,  we  may 
employ  aU  the  observed  proper  motions,  upon  the  presumption 
that  the  real  motions  of  the  stars,  having  the  characteristics  of 
accidental  errors  of  observation  and  combining  with  them,  will 
be  eliminated  in  the  combination.  Nevertheless,  in  order  that 
the  errors  of  observation  may  not  have  too  great  an  influence,  it 
will  be  advisable  to  employ  only  those  proper  motions  which  are 
large  in  comparison  with  their  probable  errors. 

The  direction  in  which  a  star  appears  to  move  in  consequence  of 
the  sun's  motion  lies  in  the  great  circle  drawn  through  the  star 
and  the  point  towards  which  the  sun  is  moving.  Let  this  point 
be  here  designated  as  the  point  0.  If  the  great  circle  in  which 
each  star  is  observed  to  move  were  drawn  upon  an  artificial  globe, 

♦  The  law  which  we  naturally  expect  to  find  is  that  of  a  revolution  of  all  the  stars 
of  our  system  around  their  common  centre  of  gravity.  Madler,  conceiving  that 
our  knowledge  of  the  proper  motions  is  already  sufficient  for  the  purpose,  has 
attempted  to  assign  the  position  of  this  centre.  He  has  fixed  upon  Alcyone,  the 
principal  star  of  the  Pleiadet,  as  the  central  sun.  Astron.  Nach.,  No.  566.  Die 
Eigmbewegungen  der  Fixttemein  ihrer  Beziehung  zitm  Oeaammtsystem,  von  J.  H.  Ma'dlbb, 
Dorpat,  1866. 
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all  these  circles  would  intersect  in  the  same  point  0,  if  the  obser- 
vations were  perfect  and  the  stars  had  no  real  motion  of  their 
own.  But,  the  latter  conditions  failing,  the  intersections  which 
would  actually  occur  would  form  a  group  of  points  whose  mathe- 
matical centre  of  gravity  would,  according  to  the  theory  of  proba- 
bilities, be  the  point  from  which,  or  towards  which,  the  common 
motions  were  directed.  Thus,  an  approximate  first  solution  might 
be  obtained  by  a  purely  graphic  process. 

Let  us  then  assume  that  an  approximate  solution  has  been 
found,  and  put 

A,  D  =  the  assumed  approximate  right  ascension  and  decli- 
nation of  the  point  O. 

It  is  then  required  to  find  a  more  exact  solution  by  determining 

the  corrections  ^A  and  aJ3  which  A  and  D  require. 

Let  P  (Fig.  62)  be  the  pole  of  the  equator,  and  8  a 

star  whose  apparent  motion  resulting  from  the  sun's 

motion  is  in  the  great  circle  OSS'.    The  angle  PSS' 

=  ;f,  which  this  great  circle  makes  with  the  declina^ 

tion  circle  (reckoned  in  the  usual  manner  from  the 

north  towards  the  east),  is  the  supplement  of  the  angle 

PSO.    Hence,  if  a  and  d  are  the  right  ascension  and 

declination  of  the  star,  and  X  the  arc  SO  joining  the 

star  and  the  point  0,  we  have,  in  the  triangle  POS^ 

8in^8in/  =  sin(a  — ii)coeD  | 

sin  >l  co8;f  =  cos  (a  —  A)  cosD  sin  9  —  sin  D  cos  d  y    ^      ^ 

by  which  X  and  i  are  found  for  each  star. 

The  angle  ^  thus  computed  will  be  equal  to  the  observed  angle 
which  the  path  of  the  star  makes  with  the  declination  circle  only 
when  A  and  D  are  correctly  assumed.  Let  x'  ^^  ^^  observed 
angle,  or  that  which  results  from  the  equations 

^sin/=AaCOS^  )      ,.QQN 

/9cos/=Ad  ;  ^^^^> 

in  which  Aa  and  a^  are  the  observed  proper  motions  in  right 
ascension  and  declination,  and  p  the  proper  motion  in  the  great 
circle.  Then,  when  ;f'  differs  from  ;f,  the  difference  Jf'  —  Jf  is  to 
be  regarded  as  a  function  of  the  corrections  ^A  and  aZ)  which 
the  assumed  values  of  A  and  D  require.     The  variations  of  the 
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angle  x  produced  by  the  variations  of  A  and  D  will  be  found 
from  the  triangle  POS  by  the  first  differential  formulae  (47) ; 
whence 

,  ,       N  .    ,      /co8(o — A)cosd8ir\I> — siniJcosDV     ^        ^ 

^;|f.8m;  =  (/— ;|r)8m^=» ^ '- ^^^ J  Ail  COS  2) 

em  A  ^      ^ 

Hence,  we  have  only  to  compute  for  each  star  the  values  of  jf 
and  sin  k  by  (738),  and  of  x'  ty  (739),  and  then,  putting 

cos  (a  —  A)  COS  d  BinD  —  sin  d  cos  D 

a  = ^^ ^- ; — 

sm  i 

-  sin  (tt  —  A)  cos  d 

sin  X 

we  form  the  equation  of  condition, 

a .  aA  co8Z>  +  b .  aD  -f  n  =  0 

in  which  a-4cosZ)  and  aD  are  the  unknown  quantities.  From 
all  the  equations  thus  formed  the  most  probable  values  of  a-4 
and  aD  will  be  found  by  the  method  of  least  squares.  The 
quantity  (;f  —  ;f')  sin  X  is  the  distance  between  the  great  circle  iii 
which  the  star  really  moves  and  that  drawn  from  the  star  to  the 
point  0,  measured  at  this  point. 

In  this  manner  the  position  of  the  point  0  has  been  very  closeiy 
determined.  The  earlier  determinations  founded  on  a  compara- 
tively small  number  of  well  established  proper  motions  are 
those  of 

W.  Herschel,  a  =  245^  53'  I>  =  +  49^  38' 

and  Gauss,        ^1  =:  259    10  2>  ==  +  30    50 

Of  the  more  recent  determinations,  the  first  in  the  order  of  time 
is  that  of  Argelander.*  He  employed  390  stars,  the  proper 
motions  of  which  he  found  by  comparing  their  positions  as  deter- 
mined by  himself  for  1830t  with  those  determined  by  Bessel  from 
Bradley's  observations  for  1755.J     He  divided  these  stars  into 

*  Astron.  Naeh.y  No.  863.      f  ^^^  '^'*'^-  ^'  ^oailionea  Mtdim  meunte  anno  1880. 
J  Pundamenta  Astronomia, 
Vol.  I.— 46 
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three  classes  according  to  their  proper  motions,  and  found,  for 
the  epoch  1792.5, 


From 


Whose  annuftl  proper  motion 
was 


A^ 


D=z 


28  stars 
60    *' 
319    ** 


greater  than  1".0 

between  0".5  and  1  .0 

«        0  .2  "   0  .5 


256^  25M 
256  9 .7 
261   10.7 


+  38<>  3r.2 
+  38  34.3 
+  30    68.1 


and,  combining  these  results  with  regard  to  their  respective 

weights, 

A  =  259^  6r.8  2>  =  +  32^  29'.1 

As  supplementary  to  this  computation,  Lundahl  compared  147 
of  Bradley's  stars  not  contained  in  Argelander^s  catalogue 
with  Pond's  catalogue  of  1112  stars  for  1830,  and  found* 

A  =  252*>  24'.4  D  =  +  14«  26M 

which  Argelandbr  combined  with  his  former  results  and  found, 

A  =  257**  54'  -Z>==  +  28<>  49' 


for  1800, 


Otto  Struvb,  employing  400  stars,  mostly  identical,  however, 
with  Argelander's  and  Lundahl's  stars,  and  determining  their 
proper  motions  from  the  Dorpat  observations  compared  with 
Bradley's,  found,  for  1790, 


A  =  261^  21'.8 


D=37^86'.0 


Galloway,  from  the  southern  stars  observed  by  Johnson  at  St, 
Helena  and  Henderson  at  the  Cape  of  Good  Hope  (for  1830), 
and  by  Lacaillb  at  the  Cape  of  Good  Hope  (for  1750),  found 


A  =  260**  r 


2>  =  +  34^  23' 


Finally,  Madler,  recomputing  the  proper  motions  of  a  large 
number  of  stars,  with  the  aid  of  the  best  modern  observations, 
has  found,  for  1800,t 


From 


Whose  proper  motion  is 


A==i 


2>  = 


227  stars 
663    " 
1273    " 


greater  than  0".25 

between  0".l    and  0  .25 

«       0  .04  «     0  .01 


262^  38'.8 
261  14.4 
261   82.2 


+  39<>  26'.2 
+  87  53.6 
+  42    21.9 


*A8tron,  Mch.y  No.  808. 


f  Die  Eigenbewegungm  dtr  Fixtteme,  p.  227. 
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and  by  combination,  having  regard  to  the  number  of  stars  in 
each  class, 

A  =  261«  38'  8  i>  =  +  89*>  58'.9 

445.  It  would  at  first  sight  seem  that  the  existence  of  any 
law  in  the  proper  motions  of  the  stars  would  vitiate  the  value 
of  the  precession  constant  found  by  Bessel  according  to  the 
method  of  Art.  443.  Accordingly,  Otto  Struve  has  attempted 
to  determine  both  the  precession  constant  and  the  motion  of  the 
solar  system  from  equations  of  condition  involving  both.  In 
order  to  accomplish  this  it  was  necessary  to  introduce  into  the 
equations  the  magnitude  as  well  as  the  direction  of  the  proper 
motions.  But  since  the  apparent  ans^lar  motion  of  a  star,  so 
far  as  it  depends  upon  the  motion  of  our  sun,  is  a  function  of  the 
star's  distance  from  us,  it  became  necessary  also  to  make  an 
hypothesis  as  to  the  relative  distances  of  the  stars  of  different 
orders  of  magnitude.  Thus,  the  new  value  of  the  precession 
constant  given  by  him,  and  which  we  have  (provisionally)  adopted 
on  page  606,  is  also  exposed  to  the  objection  that  it  rests  upon 
an  hypothesis. 

Astronomers  have,  therefore,  been  led  to  re-examine  the 
grounds  upon  which  Bessel's  determination  rests.  It  is  to  be 
observed  that  the  method  which  he  employed  would  give  a  re- 
sult entirely  free  from  the  effects  of  the  sun's  motion,  if  the  stars 
employed  were  uniformly  distributed  over  the  sphere,  and  if  the 
average  distance  of  these  stars  in  all  directions  from  the  sun  were 
the  same.  Madler,  in  the  work  above  quoted,  has  shown  that 
for  2139  stars  distributed  with  tolerable  uniformity,  Bessel's 
constant  gives  proper  motions  in  rignt  ascension  the  mean  of 
which  is  only  —  0''.0003.  If  now  this  quantity  were  applied  to 
Bessel^s  value  of  m  and  the  proper  motions  again  computed, 
their  mean  would  come  out  exactly  zero.  Hence  he  concludes 
that  these  stars  fully  confirm  Bessel' s  constant,  since  the  correc- 
tion —  0".0003  is  insignificant.  It  appears,  however,  that,  in 
drawing  this  inference  without  reservation,  he  has  left  out  of 
view  the  second  conclusion  above  stated,  that  the  average  dis- 
tance of  the  stars  on  all  sides  of  us  should  be  the  same.  For,  if 
the  sun's  motion  produces  greater  apparent  motions  in  stars  near 
to  us  than  in  those  more  remote,  a  want  of  uniformity  in  the  dis- 
tances, notwithstanding  the  equal  distribution  of  the  stars,  would 
produce  a  greater  amount  of  proper  motion  in  one  hemisphere 
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than  in  the  other;  and  the  aggregate  of  all  the  proper  motions, 
having  regard  to  their  signs,  would  not  be  zero. 

Since  it  is  probable  that  the  average  distance  of  stars  of  the 
same  magnitude  is  the  same  on  all  sides  of  us  (although  there  are 
not  a  few  individual  exceptions  of  small  stars  w^ith  large  proper 
motions  and  large  stars  with  small  ones),  a  more  satisfactory 
determination  of  the  precession  constant  may  result  from  future 
investigations  in  which  not  only  all  the  stars  employed  shall  be 
uniformly  distributed,  but  those  of  each  order  of  apparent  magni- 
tude shall  be  so  distributed.  It  will  be  impossible  to  secure  this 
condition  if  the  larger  stars  are  retained ;  for  their  distribution  is 
too  unequal.  By  confining  the  investigation  to  the  small  stars, 
there  will  also  be  obtained  the  additional  advantage  that  tlie 
amount  of  the  proper  motions  themselves  will  probably  be  very 
small,  and  thus  have  very  little  influence  upon  the  precession 
constant,  even  if  they  are  not  wholly  eliminated*  The  formation 
of  accurate  catalogues  of  the  small  stars  is  therefore  essential  to 
the  future  progress  of  astronomy  in  this  direction. 
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